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Nervous systems of all organisms are remarkably complex. This complexity is a 
reflection of the great diversity of the nervous systems’ basic units, the neurons. There is 
a large variety of different neuron types that differ in their morphology, function and their 
underlying molecular composition. Even though neurons are very diverse, they all share 
common features, namely cellular projections (axons and dendrites) and synapses. Genes 
expressed in the entire nervous system, called pan-neuronal genes, encode the molecular 
correlates to these common features. Although a lot is known about how specific 
transcription factors, Terminal Selectors (TS), specify the different neuronal types by co-
regulating neuron type specific gene expression, much less is understood about the 
regulatory programs that control the expression of pan-neuronal genes. Addressing this 
question is key to understanding how neuronal fate is determined. In this thesis I have 
explored the regulatory logic of pan-neuronal genes in C. elegans. After performing an 
extensive analysis of the cis-regulatory regions of a set of pan-neuronal genes, defined in 
this study, I have found that the expression of these genes is regulated in a modular and 
redundant manner. Modular because for a given pan-neuronal gene there are different 
cis-regulatory elements controlling its expression in different sets of neurons; redundant 
because there are more than one transcription factors that can activate expression of a 
given pan-neuronal gene in the same neuron types. Interestingly I have found that 
Terminal Selectors can redundantly regulate pan-neuronal gene expression together with 
other transcription factors. I have also identified the HOX genes as one example of such 
factors that act redundantly with Terminal Selectors to directly regulate pan-neuronal 
gene expression in the C. elegans ventral nerve cord neurons. Neuronal gene expression 
regulatory programs therefore fall into two fundamentally distinct categories. Neuron 
type specific genes are generally controlled by discrete and non-redundantly acting 
regulatory inputs, while pan-neuronal gene expression is controlled by diverse, coincident 
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The nervous system is the most complex tissue in the human body. According to 
recent estimates there are about 100 billion neurons only in the human brain (Azevedo, 
Carvalho et al. 2009, Milo, Jorgensen et al. 2010) and they make a total of 4x1014 - 1015 
synapses (range of 5000 – 200000 synapses per neuron; average of 30000 synapses per 
“typical” neuron) (Rockland 2002, Pakkenberg, Pelvig et al. 2003, Roth and Dicke 2005, 
Muotri and Gage 2006). The basis of neuronal complexity though is owing to the 
diversity of its basic units, the neurons. Ehrenberg and Purkinje made the first description 
of nerve cells in the 1830s (Lopez-Munoz, Boya et al. 2006). It was not until 1873 though 
that Camillo Golgi discovered a way to stain the nervous system, and even later that 
Santiago Ramon y Cajal with his famous drawings showed the remarkable diversity of 
different neuron types. With the advent of molecular neurobiology and transcriptome 
analysis of different neuron types we now know that the morphological and functional 
diversity of neuronal cell types is supported by an astounding degree of diversity in their 
molecular composition. All these different neurons make connections with neurons of 
different types and are organized in different functional neuronal circuits (Sporns 2011). 
No wonder then how such a complex system is responsible for the control of a wide 
repertoire of behaviors: from simple behaviors such as breathing to more complicated 
behaviors such as learning and memory. In order to understand how the nervous system 
works it is essential to learn the principles of how the nervous system develops: how 
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neurons are made, how they differentiate into distinct neuron types and how they are 
assembled in to circuits that produce behaviors. These are important questions in the field 
of modern developmental neurobiology. Although research in the past decades has shed 
light on the basic principles of nervous system development we are still far from 
understanding the complete process and many aspects in nervous system development 
remain a black box. 
A significant portion of the research in the Hobert lab is focused on studying the 
mechanisms of development of different neuron types. While studies in the lab have 
uncovered the logic that guide neuron type diversification, we still do not know how 
general neuronal features that are common among different types are regulated. In the 
following paragraphs I will give a summary of the basic principles that govern nervous 
system development and differentiation and pose the question that I address in this thesis. 
 
THE MAKING OF A NERVOUS SYSTEM 
 
1.1 Neuronal cell fate specification. 
The process of making neurons is a two-step process involving first neuronal cell fate 
specification from undifferentiated ectodermal cells and then neuronal differentiation into 
distinct neuron types (Figure 1). During the first step a cluster of ectodermal cells forms 
the proneural cell cluster, consisting of cells that have the competence to become neurons 
(neural precursors). This proneural cell cluster is defined by the expression of proneural 
genes, which are transcription factors that endow the cells that express them to become 
neural precursors (Bertrand, Castro et al. 2002). Proneural genes were first identified in 
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Drosophila melanogaster, as factors that were important for the formation of the 
mechanosensory bristles of the thorax and head. The first mutant flies that lacked a few 
thoracic bristles (scute mutants) were discovered in 1918 (Ghysen and Dambly-
Chaudiere 1988). In late 1970’s the genomic locus responsible for this phenotype was 
identified (Garcia-Bellido 1979) and even later it was found to be comprised of the 
achaete/scute complex of genes (achaete, scute, lethal of scute and asense), bHLH 
transcription factors that were involved in the initial decision for bristle differentiation 
rather than the differentiation process itself. In summary, expression of these proneural 
factors in multipotent ectodermal cells in Drosophila imaginal discs defined a cell cluster 
of equipotent neuronal precursors (Campuzano and Modolell 1992). The next step of the 
cell fate specification process is mediated by neurogenic genes such as notch.  More 
specifically, lateral inhibition interactions mediated by NOTCH signaling (Simpson 
1990, Artavanis-Tsakonas, Rand et al. 1999) between these neuronal precursors restricts 
the expression of the proneural genes to only one cell, the mother of the neuron (SMC, 
single mother cell) that upon depletion of the proneural factor enters the neuron 
differentiation pathway. This cell is then committed to divide according to a fixed pattern 
of asymmetric cell divisions to finally differentiate to the neuron and the supporting cells 
of the mechanosensory bristle (Vervoort, Dambly-Chaudiere et al. 1997).  
Later on, more bHLH factors that have proneural activity were identified both in 
drosophila (e.g., atonal) (Jarman, Grau et al. 1993), and vertebrates (e.g., Mash1) 
(Johnson, Birren et al. 1990). Loss of function (LOF) studies revealed that the absence of 
proneural factors prevents the formation of neuronal progenitors (Drosophila) or 
differentiated neurons (vertebrates), while ectopic expression in ectodermal cells leads to 
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development of external sense organs or generation of neuronal progenitors at the 
expense of epidermal cells. While there are basic differences on how proneural factors 
exert their role in Drosophila and vertebrates, these factors share some common 
mechanisms in their activities. First, the expression of proneural genes in defined regions 
of the ectoderm depends on local combinations of activating and repressing factors called 
prepattern genes (Ghysen and Dambly-Chaudiere 1989). Second, the restriction to a 
single neuronal progenitor cell is accomplished by lateral inhibition. Third, they can 
autoregulate themselves (Sun, Jan et al. 1998, Helms, Abney et al. 2000). Last, their 
expression is transient. In both drosophila and vertebrates, proneural factors are 
downregulated before the progenitor cell starts differentiating (Jarman, Grau et al. 1993, 
Ma, Kintner et al. 1996). 
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Figure 1. The different steps from neuronal cell fate specification to neuronal 
differentiation. Redrawn and adapted from (Jan and Jan 1994). 
 
1.2 Neuronal differentiation and Neuron Type specification 
1.2.1 The molecular signature of a neuron 
As mentioned earlier the morphological and functional diversity of neurons is 
reflected in their divergent molecular identities.	  Different neuron types are therefore 
largely defined by distinct neuron-type specific gene expression programs. The problem 
of neuronal differentiation and neuron-type specification is therefore to be reframed as 
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how these programs are regulated, it is first important to describe what defines a neuron 
at the molecular level, or in other words what is the “molecular signature of a neuron”. 
Biologists first started to look for neuron specific proteins in the mid-1960’s (Bock 
1978). Early strategies to identify those proteins were immunochemical methods, like the 
production of antibodies directed against mixtures of proteins from mammalian neuronal 
cell extracts or immuno-affinity chromatography. Neuronal cDNA libraries to identify 
and purify neuronal specific mRNAS were used later. As neuronal components started 
being studied also in invertebrate species, homologous screening of vertebrate nervous 
system cDNA libraries using probes known to be neuronal in other species, offered 
another approach to identify neuronal proteins (He, Treacy et al. 1989). Pull down assays 
or co-immunoprecipitation assays of already known neuronal components led to the 
identification of more neuronal proteins (Martemyanov, Yoo et al. 2005). Since then, 
thousands of proteins with neuronal expression have been characterized, providing a wide 
pool of neuronal molecular components like neurotransmitters, ion channels, synaptic 
vesicle proteins, scaffolding proteins, signal transduction molecules, neuronal specific 
enzymes and many other categories of genes. The visualization of expression patterns of 
neuronal molecules, made possible by the use of reporter genes (lacZ and fluorescent 
markers), along with more traditional methods of antibody (Ab) staining, showed that 
there are different neuronal expression patterns of these proteins, meaning some of them 
were expressed in just a few neuron types, some of them in broader sets of neurons, while 
others were distributed throughout the nervous system. The combinations of all the genes 
that are expressed in each different neuron constitute its molecular identity. The 
molecular identity of each neuron can be practically organized into the following 
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categories: “neuron type” specific, “group” and “pan-neuronal” identity (Hobert, Carrera 
et al. 2010). 
 
a. “Neuron type” specific identity and group identity. 
Mature, differentiated neurons express “neuron type” specific gene batteries that 
distinguish molecularly different neuron types from one another. These gene batteries 
include genes that define the stable unique properties of a specific postmitotic neuron 
type (neurotransmitter receptors, ion channels, structural proteins, synaptic adhesion 
molecules, etc.) (Figure 2). The composition of the “neuron type” specific gene batteries 
is combinatorial (Figure 3), meaning that individual “neuron types” do not uniquely 
express exclusive gene products, but it’s rather the unique combination of genes that are 
more broadly expressed that defines a “neuron type” specific gene battery (Wenick and 
Hobert 2004). This so called “combinatorial coding” can support the construction of an 
almost infinite number of different neuron type specific expression patterns, and thus 
infinite number of “neuron types”, if one considers the number of neuronally expressed 
genes that organisms with nervous systems have [about 3000 different neuronal genes in 
C. elegans (Hobert 2013)]. It is also noteworthy that these ”neuron type” specific gene 
batteries code for proteins that are required throughout the life of the neuron, and are 
important for the maintenance of its shape and function rather than just being transiently 
expressed genes important for the development and initial fate determination of a neuron. 
 Some neuron-type specific genes are more broadly expressed than others and can 
therefore be used to classify different “neuron types” into functionally related groups. 
Genes that belong to that category comprise an intermediate level of neuronal molecular 
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classification, the “group” identity. A very good example of “group” identity is the 
neurotransmitter identity. Neurons that make use of the same neurotransmitters share the 
expression of genes coding for enzymes that produce these neurotransmitters, 
transporters that package them into vesicles or that are responsible for their re-uptake. 
Therefore cholinergic identity, for example, could define a neuronal “group” identity. 
However, this does not mean that neurotransmitter identity can define on its own a 
specific “neuronal type”; there are cholinergic neurons that belong to different neuron 
types: e.g., a cholinergic spinal cord motorneuron and a cholinergic basal forebrain 
projection neuron in mammals (Woolf 1991), or the cholinergic A-type ventral nerve 
cord motorneurons and the cholinergic AIY head interneuron in C. elegans (Wenick and 
Hobert 2004, Hobert 2011, Kratsios, Stolfi et al. 2012). Group identity genes are 
therefore useful to classify different neuron types in functional groups. However, they are 
part of the overall neuron type specific identity of a neuron, since at the bottom line they 
are just more broadly expressed neuron type specific genes shared by many different 
neuron types. 
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Figure 3. Combinatorial nature of neuron type specific gene expression. Neuron type 
specific genes can be expressed in more than one neuron types (e.g., gene 6 is expressed 
in both neurons E and F). Individual neuron types are therefore defined by the expression 
of unique combinations of neuron type specific genes rather than exclusive expression of 
neuron type specific genes. Group identity genes are part of the neuron type specific 
identity. Pan-neuronal genes are expressed in all different neuron types. 
 
b. Pan-neuronal identity. 
Despite their morphological and functional differences, all neurons share a number of 
common features that also distinguish them from non-neuronal cells. These common 
features are characteristic of all neuronal cells: a) cellular extensions (dendrites and 
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axons) that physically connect neurons and b) synapses, for the transmission of 
information between the pre-synaptic and post-synaptic termini. Therefore, it is 
reasonable to expect that there is a basic common molecular background that underlies 
these common morphological features; meaning expression of the genes that code for 
these general neuronal features should be shared among all neurons. These genes are 
called pan-neuronal. Some of the first characterized neuronal molecular components, 
identified by the methods described earlier, were found to be expressed throughout the 
nervous system, like TUJ1 (Ab against neuronal specific beta-Tubulin III) (Frankfurter, 
Binder et al. 1986), anti-Hu Ab (Graus, Cordon-Cardo et al. 1985), MAP-2 (microtubule 
associated protein 2) (Izant and McIntosh 1980), SCG10 (Anderson and Axel 1985), NF1 
(Karlsson, Rosengren et al. 1987) and the more recent NeuN (Mullen, Buck et al. 1992). 
Most of those are components of the specialized neuronal cytoskeleton, while major 
macromolecular components of the post- and pre-synapse, like synaptic vesicle cycle 
associated molecules, post-synaptic scaffolding proteins, or neuronal recognition proteins 
are also considered pan-neuronal genes shared by all neurons (Figure 4). 
	   11	  
 
Figure 4. Pan-neuronal gene battery. Basic molecular components of the pre- and post-
synapse are thought to be shared among all neurons. Molecules shown in red are 
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1.2.2 Regulatory logic of neuron type specific gene expression. 
In general, neuron type specific gene expression could be brought about by two 
different approaches: broad activation in many neurons and subsequent repression in 
specific neuron types or selective activation in specific neuron types. Recent C. elegans 
studies using bottom up approaches, where expression of dissected cis-regulatory regions 
of neuron type specific genes is monitored using transgenes, show no evidence of 
repression mechanisms. Neuron-type specific genes are instead controlled by activation 
mechanisms. More specifically, neuron-type specific gene batteries are co-regulated 
through common regulatory motifs present in their cis-regulatory regions. Transcription 
factors, named Terminal Selectors can directly bind on these specific DNA binding 
motifs and activate the expression of the entire neuron type specific program (Figure 5). 
Group identity genes, as part of the neuron type specific identity, are also co-regulated by 
the same terminal selectors that regulate the neuron-type specific genes of the neuron 
type they belong. In most cases, in mutant backgrounds of terminal selectors neurons fail 
to express neuron type specific genes and therefore lose their neuron type identity (Altun-
Gultekin, Andachi et al. 2001, Wenick and Hobert 2004, Etchberger, Lorch et al. 2007, 
Hobert 2008, Flames and Hobert 2009, Kratsios, Stolfi et al. 2012). In other cases loss of 
a specific terminal selector can lead to derepression of expression of another terminal 
selector in that specific neuron. This results in a phenomenon called neuronal cell fate 
switch (Sagasti, Hobert et al. 1999). However in all cases tested so far, pan-neuronal 
genes are still expressed in terminal selector mutant backgrounds.   
Most of these studies have been done in C. elegans, however this mechanism of 
neuron type specification is not a C. elegans specific phenomenon. Co-regulation of 
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neuron type specific gene expression by terminal selector transcription factors has been 
observed in vertebrates and drosophila (Thor and Thomas 1997, Hendricks, Francis et al. 
1999, Blackshaw, Fraioli et al. 2001, Hendricks, Fyodorov et al. 2003, Hsiau, Diaconu et 
al. 2007, Flames and Hobert 2009, Jacobs, van Erp et al. 2009, Smidt and Burbach 2009, 
Corbo, Lawrence et al. 2010, Liu, Maejima et al. 2010, Swaroop, Kim et al. 2010). In 
addition such co-regulation mechanisms that confer cell specificity also apply to non-
neuronal cell types (Chanut-Delalande, Fernandes et al. 2006). The conservation of this 
co-regulation strategy among different tissues in different phyla should not be surprising; 
instead, this mechanism seems to be very well conserved throughout evolutionary 
history, since it resembles the way that bacteria organize expression of functionally 
related genes into “regulons” (Hobert, Carrera et al. 2010).  
A Terminal Selector is not always a single transcription factor. In several cases 
terminal selectors can be combinations of two transcription factors. Therefore, terminal 
selectors follow the same combinatorial logic of their target genes: it is the unique 
combinations of terminal selectors that define distinct neuron types. For example, the 
expression of the terminal selectors ttx-3 (LIM homeodomain) and ceh-10 (Paired-like 
homeodomain) uniquely overlaps only in the AIY interneurons. These two transcription 
factors activate expression of AIY specific genes through the AIY DNA binding motif 
(Wenick and Hobert 2004). Similar cases have also been observed in vertebrates, where 
the combination of Nurr1 and Ptx3 controls specificity of the mid-brain dopaminergic 
neurons (Smidt and Burbach 2009).  
Another key feature of terminal selectors is their ability to autoregulate their own 
expression. This way terminal selectors ensure sustained expression of themselves and 
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their targets throughout the life of the neuron. Autoregulation of terminal selectors is 
achieved by the presence of their binding motifs in their own cis-regulatory regions. 
Mutation of these binding sites does not affect initiation of terminal selector expression 
but does affect their maintenance of expression (Bertrand and Hobert 2009). 
 
 
Figure 5. Neuron type specific genes and pan-neuronal genes are controlled by 
distinct regulatory programs. A Terminal Selector A (together with a cofactor in this 
case, shown as brown circle) directly co-regulates the expression of neuron type specific 
genes (NT1 – NT6) through a common cis-regulatory motif (brown box). Terminal 
Selector A can autoregulate its own expression through the same motif. The expression of 
pan-neuronal genes is controlled by a different transcription factor whose identity and its 
ability to autoregulate is yet unknown.   
 
1.2.3 Regulatory logic of pan-neuronal gene expression. 
Regulation of neuron type specific genes and pan-neuronal genes must be 
controlled by separable cis-regulatory programs (Figure 5). The line of evidence that 
supports this idea is the fact that in all cases studied so far, both in C. elegans and in 
vertebrates, pan-neuronal gene expression remains unaffected in terminal selector mutant 
backgrounds. This practically means that in terminal selector mutant backgrounds 
Terminal)
Selector)A
NT1 NT2 NT3 NT4 NT5 NT6
Neuron7type)specific)genes
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neurons have lost their neuron type identity but they nevertheless keep expressing genes 
of general neuronal identity. In that case we can envision those cells as neuronal cells in a 
“ground neuronal state”, in which they express only the very essential ingredients that a 
cell needs to be recognized as neuron. It is therefore obvious that determining the 
regulatory logic of pan-neuronal gene expression will bring us one step closer to 
understand what fully makes a neuron. 
How could then pan-neuronal gene regulation of expression be achieved? Several 
studies have tried to answer this question. I will present a summary of what is already 
known in the following paragraphs. At first glance, one would think that the bHLH 
proneural factors could be good candidates for directly controlling pan-neuronal gene 
expression. Studies in vertebrates support this idea. At first, proneural genes were 
believed to function only at the initial steps of neuronal cell fate specification. However 
given their structural diversity, researchers started investigating their potential role in 
neuronal differentiation. Mash1 (Mammalian achaete-scute homolog 1) was the first 
ortholog of the drosophila proneural genes found in mammals. Mash1 knockout mice 
displayed a broad range of neuronal defects (Guillemot, Lo et al. 1993). In addition 
though, these knockout mice showed absence of the noradrenergic neurons of the CNS 
(Hirsch, Tiveron et al. 1998). The Phox2 genes, Phox2a and Phox2b, are also implicated 
in noradrenergic neuron differentiation (Yang, Kim et al. 1998). A later study showed 
that Mash1 controls noradrenergic neuron differentiation through Phox2a, while at the 
same time it is sufficient to promote pan-neuronal gene expression in vitro (Lo, Tiveron 
et al. 1998). Therefore it was suggested that proneural genes, apart from their role in early 
neurogenesis, could be involved in “coupling” pan-neuronal and neuron-type specific 
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gene expression during neuronal differentiation. However what is not clear from this 
study is whether pan-neuronal genes are under direct control of Mash1 or under the 
control of another transcription factor that is “downstream” of Mash1 in that cis-
regulatory network. 
At around the same time, an alternative mechanism that involves repression of 
neuronal properties in non-neuronal cells was proposed by other studies. In that case, a 
Zn finger transcription factor, REST (RE1 silencing transcription factor)/NRSF (neuron 
restricted silencing factor), is expressed in many, but not all non-neuronal cells, and 
represses expression of many pan-neuronal and neuron type specific genes through 
binding on its cognate DNA binding motif named RE1 present in promoters of these 
genes (Chong, Tapia-Ramirez et al. 1995, Schoenherr and Anderson 1995, Schoenherr, 
Paquette et al. 1996, Chen, Paquette et al. 1998, Otto, McCorkle et al. 2007). However, 
the REST/NRSF model is somewhat controversial. The first controversy originates from 
the study of (Chen, Paquette et al. 1998). In this study a knockout of REST/NRSF in 
mice did not cause derepression of expression of all studied REST/NRSF targets in non-
neuronal tissues, indicating that there are additional repressors or activators required for 
the expression of pan-neuronal targets of REST/NRSF. Thus the nature of the activation 
event of pan-neuronal genes in neuronal cells still remains unknown. Another 
controversy is that whereas REST/NRSF is mainly expressed in non-neuronal cell types, 
expression has also been observed in neuronal progenitor cells (Nishimura, Sasaki et al. 
1996). So the question that arises is how REST/NRSF that usually acts as a repressor of 
neuronal genes could now allow the activation of neuronal gene expression in neuronal 
cells? More recent studies showed that REST/NRSF represses expression by recruiting 
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co-factors and chromatin modification factors that mediate repression of active genes. 
Downregulation of REST/NRSF could be achieved at the posttranslational level (Ballas, 
Grunseich et al. 2005) when cells move on their way to lineage restricted neural 
progenitors, gradually “diluting” the repressive chromatin formation, allowing activation 
of the target neuronal genes. Also concerning its role in the nervous system specification, 
other studies support the notion that REST/NRSF can be turned into a transcriptional 
activator by interaction with non-coding small RNAs (Kuwabara, Hsieh et al. 2004). Still, 
how REST/NRSF expression is regulated is poorly understood. It seems reasonable that 
REST/NRSF should be under the control of early developmental regulatory factors in 
order to exert its role as a “non-neuronal” fate regulator, an idea also supported by recent 
studies (Kohyama, Sanosaka et al. 2010). Finally, while many of the target genes of 
REST/NRSF are conserved among worms, flies and mammals (Schoenherr, Paquette et 
al. 1996, Chen, Paquette et al. 1998), REST/NRSF does not have an ortholog in worms, 
flies or sea urchin. Therefore, REST/NRSF could be a recent evolutionarily “addition” to 
a more ancient activation based program controlling pan-neuronal gene expression and its 
role might just be to refine cell and tissue selectivity of gene expression profiles that were 
set up by the more ancient gene activation events. Therefore the real pan-neuronal gene 
activators are still unknown. 
Trying to connect the missing lines between proneural genes, REST/NRSF and 
activation of pan-neuronal gene expression, a more recent study suggested that the SOX-
C genes Sox-4 and Sox-11 might directly control expression of some pan-neuronal genes 
in chicken embryos through an activation based mechanism (Bergsland, Werme et al. 
2006). More specifically, this study shows that these two genes are both broadly 
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expressed in post-mitotic neurons in spinal cord of chicken embryos and they are 
sufficient and required for expression of some, but not all, tested pan-neuronal markers in 
these neurons. Interestingly, they show that Sox-4 and Sox-11 might be under the control 
of specific proneural genes and also REST/NRSF, providing the missing link between 
these factors and pan-neuronal gene expression. However this study is not solving the 
entire puzzle of pan-neuronal gene expression since these Sox genes seem to control 
expression of only a subset of pan-neuronal genes. 
Finally, bioinformatics studies have suggested that many pan-neuronal and broad 
neuronally expressed genes might be co-regulated through common cis-regulatory 
modules. This idea seems to be applicable in C. elegans (Ruvinsky, Ohler et al. 2007), 
Ciona intestinalis (Kusakabe, Yoshida et al. 2004) and vertebrates (Liu, Hannenhalli et 
al. 2009). However these studies lack in depth in vivo experimental validation, they do 
not identify the trans-acting factors and finally, as was the case for the Sox genes study, 
they are missing parts of the story: the cis-regulatory motifs they identify are present only 
in some pan-neuronal genes.  
 In summary, all these studies together do not provide conclusive and compelling 
evidence of how pan-neuronal gene expression is achieved, meaning whether there is a 
common cis-regulatory logic among pan-neuronal genes, what is this logic and what are 
the transcription factors that directly bind in the regulatory regions of these genes and 
activate their expression. Neuron type specific gene regulation was resolved using a 
bottom up approach, going from the dissection of the cis-regulatory regions of neuron 
type specific genes to the identification of the transcription factors that control its 
expression. Therefore it only sounds reasonable that this is the best strategy to follow if 
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we want to understand the pan-neuronal gene regulatory logic. The vertebrate nervous 
system is too large and far too complex to perform such analysis. The nematode C. 
elegans is the perfect organism to study this question. The nervous system of the adult 
hermaphrodite worm consists of only 302 neurons that are nevertheless very diverse since 
they belong in 118 different classes. The complete cell lineage of C. elegans is known 
and it is invariant from animal to animal. In addition the relative position of neurons in 
the body is stereotypic. Finally, its transparent body allows for immediate visualization of 
expression pattern of fluorescently tagged transgenes. All these qualities allow us to work 
with single cell resolution in vivo.  
In this study, I am using this bottom up approach to investigate the cis-regulatory 
logic of pan-neuronal gene expression using C. elegans as a model.  How could that be 
envisioned? Could the mechanisms suggested in the previous studies discussed above be 
applicable? 
First regarding proneural genes, it seems rather unlikely that they could directly 
control pan-neuronal gene expression. As mentioned before, proneural genes in 
vertebrates and drosophila are transiently expressed during development and they are 
downregulated before neuronal cells start differentiating. C. elegans proneural genes are 
not an exception (e.g. expression of C. elegans proneural bHLH factors hlh-3, hlh-6, hlh-
10, hlh-19, hlh-14 not detected after 3-fold embryonic stage, Hobert lab unpublished 
results).   Pan-neuronal gene expression needs to be maintained throughout the life of the 
neuron. That means that the transcription factors that regulate their expression should 
also “stick around” to ensure continuous expression of their targets, and proneural genes 
do not fulfill this requirement. However initial activation of pan-neuronal genes from 
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proneural genes should not be ruled out (Lo, Tiveron et al. 1998, Novitch, Chen et al. 
2001).	  Also preliminary experiments I have performed, show that pan-neuronal gene 
expression is not affected in mutants of hlh-2, the C. elegans ortholog of daughterless, a 
more broadly expressed bHLH factor that is the binding partner of many bHLH proneural 
genes (Bertrand, Castro et al. 2002). In addition, Sox genes do to not affect pan-neuronal 
gene expression in C. elegans (Vidal, Santella et al. 2015). Finally, as mentioned before, 
there is no REST/NRSF ortholog in C. elegans.  
Hence regulation of pan-neuronal gene expression remains a black box. The 
results of this study shed light on this very interesting question and are presented in 
Chapter 2.
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REGULATORY LOGIC OF PAN-NEURONAL GENE EXPRESSION IN 
Caenorhabditis elegans 
 
In this chapter I present the data of the study of cis-regulatory logic of pan-neuronal 
genes in C. elegans. I show evidence that pan-neuronal genes are regulated in a redundant 
modular manner, by several different transcription factors, including terminal selector 
genes and HOX genes. 
I carried out the vast majority of the experiments of this study. More specifically I 
designed and performed all the experiments that prove the most interesting findings of 
this study: the redundant modular nature of cis-regulatory logic of pan-neuronal genes, all 
the examples of terminal selectors controlling pan-neuronal genes, identification of HOX 
genes as regulators of pan-neuronal gene expression and all the fosmid deletion and stress 
experiments of the genes ric-4, snb-1 and cho-1.  This is the entire work from paragraph 
2.3.4 to the end of Chapter 2, corresponding to Figures 28 – 51 (exception: experiments 
in Figure 51 B and C). In addition I designed and performed the following experiments: 
-­‐ Generation and scoring of fosmid reporters for the following genes: ric-4, unc-
10a, unc-10b, unc-31, nsf-1, unc-64a, unc-64b,  snn-1, unc-104, unc-11, maco-1, 
unc-108, tbb-1, tbb-4 and shn-1 (Figures 2-4, 6). 
-­‐ Scoring of rab-3prom1 (Figure 5B, C) 
-­‐ Variability and levels of expression of fosmid reporters (Figures 7 and 8) 
-­‐ Onset of expression of fosmid reporters (Figure 9) 
-­‐ Onset of expression or rab-3prom1 in postembryonic lineages (Figure 10B, C) 
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-­‐ smFISH for unc-10, snb-1, ehs-1, unc-64 and ric-4 (Figure 11 A, B, C, D, E, F) 
-­‐ Generation and scoring of reporter constructs for the cis-regulatory analysis of 
the following genes: ric-4, snb-1, nsf-1, unc-10, unc-11, unc-64, snn-1, unc-104, 
unc-31, unc-57, unc-18, syd-2, egl-3, egl-21, unc-108, maco-1, shn-1, tbb-1, tbb-4 
and tbb-5 (Figures 13, 14, 15, 16, 17, 18, 19, 21, 22, 24 and 25). 
-­‐ Scoring of cis-regulatory analysis constructs for the following genes: sng-1, 
scanning deletions of ric-19, rgef-1 (Figures 19, 22, 23, 24) 
-­‐ The N1 box analysis (Figure 26) and REST/NRSF worm homolog analysis 
(Figure 27) 
-­‐ All the preliminary experiments discussed in Chapter 3. 
I also made all the figures presented in this Chapter (and also Chapters 1 and 3). 
 
The following experiments were performed by Ines Carrera: 
-­‐ Generation and scoring of the following fosmid reporters: rab-3, egl-3, egl-21, 
rgef-1, sng-1, snb-1, snt-1, unc-18, ehs-1a, ehs-1b,  unc-57, ric-19, syd-2 (Figures 
2-4,6) 
-­‐ Generation and scoring of reporter constructs for the cis-regulatory analysis of 
the following genes: rab-3, ehs-1, snt-1, ric-19 (Figures 18, 20, 22) 
-­‐ Generation of cis-regulatory analysis constructs for: rgef-1, sng-1 and the ric-19 
scanning mutagenesis. 
-­‐ The experiments shown in Figures 10A, 11F and 51B, C 
 
Qi Chen performed all transgenes micro-injections.  
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2.1 SUMMARY 
While cell types in any nervous system display an astounding degree of phenotypic 
diversity, most if not all neuron types share a core panel of features, such as the 
expression of genes involved in synaptic vesicle biology. However, little is known about 
how such pan-neuronal expression patterns are genetically programmed. We define here 
a set of 23 conserved genes which are expressed throughout the entire nervous system of 
C. elegans, most of them encoding for genes involved in synaptic vesicle biology and 
neuropeptide signaling. Through an extensive analysis of the cis-regulatory control 
region of this pan-neuronal gene battery, we address several distinct scenarios for how 
pan-neuronal gene expression could be achieved. We do not find any evidence for the 
presence of non-neuronal repressor mechanisms that restrict gene expression to the 
nervous system, nor do we find evidence for the existence of pan-neuronally employed 
“master regulatory” gene activators. We rather define a common organizational principle 
in the regulation of pan-neuronal genes in the form of a surprisingly complex array of 
complementary, parallel-acting cis-regulatory modules that direct expression to broad, 
overlapping domains throughout the nervous system. These parallel-acting cis-regulatory 
modules are responsive to a host of distinct trans-acting factors. Neuronal gene 
expression programs therefore fall into two fundamentally distinct classes. Neuron type-
specific genes (and group identity genes) are generally controlled by discrete and non-
redundantly acting regulatory inputs, while pan-neuronal gene expression is controlled by 
diverse, coincident and seemingly redundant regulatory inputs. These two fundamentally 
distinct strategies of controlling gene expression in the nervous system may be a 
reflection of the evolutionary history of neuronal cell types. 
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2.2 INTRODUCTION 
 The differential expression of neuron-type specific combinations of effector genes 
defines the vast array of neuron types in a nervous system. However, there are cellular 
and molecular features shared by all neuron types throughout the nervous system. For 
example, biochemical and genetic analyses have defined many pan-neuronally expressed 
proteins that localize to synaptic vesicles and are involved in the synaptic vesicle cycle 
(Sudhof 2004). Remarkably, however, very little is known about how the expression of 
such pan-neuronal genes is controlled in any organism. This is in striking contrast to the 
substantial knowledge that has been accumulated on how neuron type-specific genes are 
controlled. Genetic loss-of-function studies have revealed a plethora of transcription 
factors that control the expression of neuron type-specific features, such as genes 
involved in the synthesis of a specific neurotransmitter system. Some of this genetic 
analysis, particularly loss-of-function analysis conducted in Caenorhabditis elegans, has 
revealed a notable theme in the control of neuron type-specific identity features in the 
form of terminal selector transcription factors that initiate, coordinate and maintain 
terminal differentiation programs in mature neuron types (Hobert, Carrera et al. 2010, 
Hobert 2011). Terminal selectors control the expression of many and perhaps all neuron-
type specific identity features of a neuron, but in none of the many cases examined (in 
both C. elegans and mice) do they control the expression of broad or pan-neuronally 
expressed genes (Altun-Gultekin, Andachi et al. 2001, Uchida, Nakano et al. 2003, 
Hobert, Carrera et al. 2010, Hobert 2011, Kratsios, Stolfi et al. 2011, Doitsidou, Flames 
et al. 2013). In other words, the adoption of neuron type-specific identity features can be 
genetically decoupled from the adoption of broad or pan-neuronally expressed genes. 
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2.2.1 Models of pan-neuronal gene regulation. Three different mechanistic 
models for how pan-neuronal gene expression is regulated can easily be envisioned 
(Figure 1). There is some experimental evidence in support of all three mechanisms, but 
in all cases, the experimental evidence is limited. In model #1, pan-neuronal genes may 
be controlled by ubiquitously acting transcriptional activators, but their expression is 
restricted to the nervous system by repressors that act outside the nervous system. This 
model was brought forward by the identification of the vertebrate REST/NRSF 
transcription factor, a repressor protein expressed in non-neuronal cells that can bind to a 
host of neuronally expressed genes and supposedly downregulates their expression 
outside the nervous system (Schoenherr and Anderson 1995). Even though some gene 
derepression effects have been observed in non-neuronal cells in REST/NRSF mutant 
mice, it is not clear how extensively pan-neuronal gene expression is indeed derepressed 
in these mutant mice (Chen, Paquette et al. 1998, Aoki, Hara et al. 2012). In model #2, a 
pan-neuronally expressed master regulatory factor may activate expression of pan-
neuronal genes throughout the nervous system. This model is supported by a number of 
bioinformatics studies that identified conserved sequence motifs in proximity to many 
pan-neuronally expressed genes (Kusakabe, Yoshida et al. 2004, Ruvinsky, Ohler et al. 
2007, Liu, Hannenhalli et al. 2009). However, the functional relevance of these cis-
regulatory motifs for gene expression in vivo is unclear. Lastly, in model #3, pan-
neuronal gene expression may be controlled in a modular manner in which distinct 
neuron types use distinct combinations of transcription factors. The one line of evidence 
in support of this model is the identification of a cis-regulatory element in the ric-
4/SNAP25 locus that is activated by a neuron-type specific gene activator complex in C. 
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elegans (Hwang and Lee 2003). Combinations of these mechanisms or a usage of distinct 
mechanisms for distinct pan-neuronal genes could be envisioned as well. 
In this study we probe these different models of pan-neuronal gene expression by 
making use of the extremely well characterized nature of the C. elegans nervous system, 
its genetic amenability and the ability to examine on a large scale the cis-regulatory 
information content of a substantial number of distinct genetic loci. As a starting point, 
we set out to identify genes that may be expressed throughout the entire nervous system 
of C. elegans. Many previous studies have described genes with broad expression 
throughout the C. elegans nervous system. However, these past studies have not 
systematically examined whether supposedly pan-neuronal genes are indeed expressed in 
all of the neurons of C. elegans. Due to sheer complexity, the question of whether there 
are proteins that are indeed shared by all neuron types in a nervous system (and show 
either no, restricted, or lower expression outside the nervous system) has also not been 
systematically examined in vertebrate nervous systems. Notably, some proteins generally 
used as “generic neuronal markers” in the vertebrate nervous system are not expressed in 
some neuronal populations [e.g. TuJ1 (b-tubulin 3) is not expressed in all neuronal cells 
in the retina (Sharma and Netland 2007), NeuN (Fox3) is not expressed in Purkinje and 
some neuronal retinal cells (Mullen, Buck et al. 1992)].  
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Figure 1. Schematic representation of 3 possible models for regulation of pan-
neuronal gene expression. 
 PN = pan-neuronal gene, R = non-neuronal repressor, A = activator, M = master 




2.3.1 Defining a pan-neuronal gene battery. To probe the notion of “pan-
neuronality”, we selected a set of 26 genes that had previously been reported to be 
expressed broadly in the nervous system of C. elegans (Hobert, Carrera et al. 2010). This 
set includes genes involved in synaptic vesicle biology (such as the genes encoding for 
synaptobrevin, syntaxin, synaptotagmin, synaptogyrin and others; 15 genes); genes 
involved in generic aspects of neuropeptide biology (such as dense core vesicle 
components and neuropeptide-processing enzymes; 5 genes); and a number of 





































the commonly used pan-neuronal marker rgef-1, a ras GTPase exchange factor) (Altun-
Gultekin, Andachi et al. 2001, Chen, Fu et al. 2011) or vertebrates [i.e. the C. elegans 
homologues of vertebrate b-tubulin 3 (TuJ1), which is a commonly used pan-neuronal 
marker in the mouse nervous system (von Bohlen Und Halbach 2007)] (Table 1). For all 
these 26 genes we engineered reporter transgenes in the context of genomic fosmid 
clones (Tursun, Cochella et al. 2009); such fosmid reporters usually encompass multiple 
genes up- and downstream of the locus of interest. In most cases reported so far, 
regulatory elements are located proximal to genes that they regulate and we are currently 
not aware of any instances where fosmid-based reporters have failed to capture regulatory 
elements Nevertheless we will discuss below additional validation of expression patterns 
by single molecule in situ hybridization (smFISH) and antibody staining. To facilitate the 
assessment of expression in the nervous system, in all fosmid reporter constructs the 
fluorescent reporter gene was inserted at the 3’ end of the respective locus, separated 
from the locus by an SL2 trans-spliced leader sequence (Tursun, Cochella et al. 2009). 
This allows the reporter protein to be produced independently of the usually subcellularly 
(e.g. synaptically) localized pan-neuronal protein. Through the addition of an NLS and a 
Histone (H2B) tag, the fluorescent reporter is then targeted to the nucleus, allowing for 







Table 1: The 26 genes of this study. 
Listed are previously published studies describing expression patterns of these 26 genes 
in C. elegans. For 18 of the 26 genes the expression patterns had been examined by 
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nsf-1 NSF Vesicle fusion ATP-ase, 







Synaptic vesicle Ras GTPase, 
for vesicle priming and fusion 
9334382 YES 
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NEUROPEPTIDE SYNTHESIS AND SECRETION 
egl-3 PCSK2 Convertase, for neuropeptide 
processing in Dense Core 
Vesicles (DCV) 
11717360 YES 
egl-21 CPZ Carboxypeptidase, for 
neuropeptide processing in 
Dense Core Vesicles (DCV) 
12657671 NO 
ric-19 ICA1 Cytosolic protein for 
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Figures 2-4. Schematic representations of the fosmid reporter constructs for the 26 
genes of this study. 
Fosmid reporter schematics and fluorescent images of L1 stage worms are shown for 
each gene. Our tagging cassette contains a NLS signal and a histone tag (H2B) for 
nuclear localization, a SL2 sequence for trans-splicing (Tursun, Cochella et al. 2009), and 
intron containing YFP. After successful recombineering, a “FRT*” scar remains in one of 
the introns of the YFP. Genes are grouped based on the expression pattern. Figure 2 
shows genes that are more neuronal restricted (pan-neuronal and few other cells of 
mainly secretory nature). Figure 3 and top of Figure 4 show genes that are expressed 
pan-neuronally and in many other tissues in lower levels. Figure 4 also shows genes that 
are expressed pan-neuronally and in all other tissues in equal levels and at the bottom are 
genes that are not expressed pan-neuronally. Scale bars are 0.01 mm.  
 
To be able to compare expression patterns systematically, we generated a reporter 
line that serves as a “reference” for expression of each yfp fosmid reporter line. To this 
end, we selected the rab-3 GTPase, a gene involved in controlling synaptic vesicle 
release, previously reported to be broadly expressed throughout the C. elegans nervous 
system (Nonet, Staunton et al. 1997). We examined expression of a transcriptional 
reporter gene fusion rab-3prom1 (containing 4.3kb sequences of upstream regions and 
the first intron, shown in Figure 5A) in all different domains of the C. elegans nervous 
system (Figure 5B, C and Table 2). The expression pattern is indistinguishable from a 
fosmid-based rab-3 reporter (Figure 6). Expression is observed in 99% (300/302) of all 
neurons of the adult nervous system; the only neurons in which we did not observe rab-3 
expression are the canal-associated neurons (CAN), a neuron pair that was previously 
described as being unusual because of the absence of any synaptic connections with other 
neurons (White, Southgate et al. 1986).  
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Figure 5. Expression pattern of the rab-3prom1 “reference” strain. 
A: Schematic representation of the rab-3prom1 transcriptional reporter that was used as 
reference reporter for pan-neuronal gene expression.  
B: The 302 neurons of the adult hermaphrodite C. elegans (orange) are distributed in 
different ganglia in the head, main body and tail of the worm (see Table 2 for list of these 
neurons). The rab-3prom1 transcriptional reporter is expressed in all neurons (blue) apart 
from the CAN (*) mid-body neuronal pair.  
C: Expression pattern of the rab-3prom1 reporter transgene in the different ganglia. 
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Table 2. List of the 302 neurons of the adult hermaphrodite C. elegans and ganglion 
in which they belong. 
Neurons that are left/right pairs are indicated as L/R 
*= considered as part of the anterior ganglion for the cis-regulatory analysis of this study 
**= considered as part of the dorsal lateral and ventral head ganglia for the cis-regulatory 




Ganglion  Neuron Type 
Name  
Ganglion 
BAG L/R Anterior Ganglion  RMDD L/R Ventral Ganglion 
CEPV L/R Anterior Ganglion  RMF L/R Ventral Ganglion 
IL1 L/R Anterior Ganglion  RMH L/R Ventral Ganglion 
IL2 L/R Anterior Ganglion  SAAD L/R Ventral Ganglion 
IL2D L/R Anterior Ganglion  SIAD L/R Ventral Ganglion 
IL2V L/R Anterior Ganglion  SIAV L/R Ventral Ganglion 
ILD L/R Anterior Ganglion  SIBV L/R Ventral Ganglion 
ILV L/R Anterior Ganglion  SMBD L/R Ventral Ganglion 
OLL L/R Anterior Ganglion  SMBV L/R Ventral Ganglion 
OLQD L/R Anterior Ganglion  SMDD L/R Ventral Ganglion 
OLQV L/R Anterior Ganglion  I4 Posterior pharynx bulb ** 
RIP L/R Anterior Ganglion  I5 Posterior pharynx bulb ** 
RME L/R Anterior Ganglion  I6 Posterior pharynx bulb ** 
RMED Anterior Ganglion  M1 Posterior pharynx bulb ** 
RMEV Anterior Ganglion  M2 L/R Posterior pharynx bulb ** 
URAD L/R Anterior Ganglion  M5 Posterior pharynx bulb ** 
URAV L/R Anterior Ganglion  AS1 Retrovesicular Ganglion 
URAV L/R Anterior Ganglion  AVF L/R Retrovesicular Ganglion 
URB L/R Anterior Ganglion  AVG Retrovesicular Ganglion 
URYD L/R Anterior Ganglion  DA1 Retrovesicular Ganglion 
I1 L/R Anterior Pharynx Bulb *  DB1 Retrovesicular Ganglion 
I2 L/R Anterior Pharynx Bulb *  DB2 Retrovesicular Ganglion 
I3 Anterior Pharynx Bulb *  DD1 Retrovesicular Ganglion 
M3 L/R Anterior Pharynx Bulb *  RIF L/R Retrovesicular Ganglion 
M4 Anterior Pharynx Bulb *  RIG L/R Retrovesicular Ganglion 
MC L/R Anterior Pharynx Bulb *  SABD Retrovesicular Ganglion 
MI Anterior Pharynx Bulb *  SABV L/R Retrovesicular Ganglion 
NSM L/R Anterior Pharynx Bulb *  VA1 Retrovesicular Ganglion 
ALA L/R Dorsal Ganglion  VB1 Retrovesicular Ganglion 
CEPD L/R Dorsal Ganglion  VB2 Retrovesicular Ganglion 
RID L/R Dorsal Ganglion  VD1 Retrovesicular Ganglion 
SAAV L/R **  VD2 Retrovesicular Ganglion 
SMDV L/R **  AS2 – AS11 Ventral Nerve Cord 
ADF L/R Lateral Ganglion  DA2 – DA7 Ventral Nerve Cord 
ADL L/R Lateral Ganglion  DB3 – DB7 Ventral Nerve Cord 
AFD L/R Lateral Ganglion  DD2 – DD5 Ventral Nerve Cord 
AIB L/R Lateral Ganglion  VA2 – VA11 Ventral Nerve Cord 
AIN L/R Lateral Ganglion  VB3 – VB11 Ventral Nerve Cord 
AIZ L/R Lateral Ganglion  VC1 – VC6 Ventral Nerve Cord 
ASE L/R Lateral Ganglion  VD3 – VD11 Ventral Nerve Cord 
ASG L/R Lateral Ganglion  ALM L/R Mid-Body Neurons 
ASH L/R Lateral Ganglion  AVM Mid-Body Neurons 
ASI L/R Lateral Ganglion  BDU L/R Mid-Body Neurons 
 44	  
ASJ L/R Lateral Ganglion  CAN L/R Mid-Body Neurons 
ASK L/R Lateral Ganglion  HSN L/R Mid-Body Neurons 
AUA L/R Lateral Ganglion  PDE L/R Mid-Body Neurons 
AVA L/R Lateral Ganglion  PVD L/R Mid-Body Neurons 
AVB L/R Lateral Ganglion  PVM Mid-Body Neurons 
AVD L/R Lateral Ganglion  SDQ L/R Mid-Body Neurons 
AVE L/R Lateral Ganglion  DA8 Preanal Ganglion 
AVH L/R Lateral Ganglion  DA9 Preanal Ganglion 
AVJ L/R Lateral Ganglion  DD6 Preanal Ganglion 
AVL L/R Lateral Ganglion  PDA Preanal Ganglion 
AWA L/R Lateral Ganglion  PDB Preanal Ganglion 
AWB L/R Lateral Ganglion  PVP L/R Preanal Ganglion 
AWC L/R Lateral Ganglion  PVT Preanal Ganglion 
RIA L/R Lateral Ganglion  VA12 Preanal Ganglion 
RIB L/R Lateral Ganglion  VD12 Preanal Ganglion 
RIC L/R Lateral Ganglion  VD13 Preanal Ganglion 
RIM L/R Lateral Ganglion  DVA Dorsorectal Ganglion 
RIV L/R Lateral Ganglion  DVB Dorsorectal Ganglion 
RMD L/R Lateral Ganglion  DVC Dorsorectal Ganglion 
RMDV L/R Lateral Ganglion  ALN L/R Lumbar Ganglion 
SBD L/R Lateral Ganglion  LUA L/R Lumbar Ganglion 
ADA L/R **  PHA L/R Lumbar Ganglion 
ADE L/R **  PHB L/R Lumbar Ganglion 
AQR  **  PHC L/R Lumbar Ganglion 
FLP L/R **  PLM L/R Lumbar Ganglion 
RMG L/R **  PLN L/R Lumbar Ganglion 
AIA L/R Ventral Ganglion   PQR Lumbar Ganglion 
AIM L/R Ventral Ganglion  PVC L/R Lumbar Ganglion 
AIY L/R Ventral Ganglion  PVN L/R Lumbar Ganglion 
AVK L/R Ventral Ganglion  PVQ L/R Lumbar Ganglion 
RIH L/R Ventral Ganglion  PVR Lumbar Ganglion 
RIS  Ventral Ganglion  PVW L/R Lumbar Ganglion 
	  
 
We scored the expression of all 26 fosmid reporter lines relative to the 
transcriptional rab-3 reference reporter (rab-3prom1) and found that like rab-3prom1, 23 
of the 26 examined reporters drive expression in all neurons of the nervous system 
(Figure 6) even though the intensity of expression in distinct neuron types may vary 
(Figure 7). Differences of relative expression levels of individual pan-neuronal genes 
compared to rab-3 are reproducible from animal to animal and reproducible across 
different transgenic lines. Single molecule fluorescence in situ hybridization (smFISH (Ji 
and van Oudenaarden 2012)), described later in more detail, corroborates the notion of 
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different expression levels of individual pan-neuronal genes in different neuron types, 
thereby ruling out transgene artifacts (Figure 11 and Figure 38D). 
 
Figure 6. Summary of the expression patterns of the fosmid reporters of the 26 
genes under study. For genes that have isoforms with alternative 3’ ends, more than one 
fosmid reporters were made to tag these different isoforms. 23 genes (all except for shn-
1, tbb-4 and tbb-5) are expressed in a pan-neuronal manner, as compared to rab-3prom1 
pan-neuronal expression. The two columns on the right summarize additional reporter 
constructs made for each gene in this study and whether these additional reporter 
constructs provided evidence of overlapping expression (discussed later). For genes 
where only one additional construct was made, evidence for overlapping expression can 
not be tested. Expression of the unc-10fosmid reporter can also be observed in very few 
cells in the very anterior head part of C. elegans (see Figure 11A). 
Figure 6
















































































































































Figure 7. Variability in expression among neurons. Shown is expression of ric-4 (A), 
unc-31 (B) and snb-1 (C) fosmid reporters in the neurons of the head. Fosmid reporter 
expression patterns (YFP) are always scored in comparison to the reference rab-3prom1 
reporter (RFP). Expression intensity varies in distinct neurons also in comparison to the 
rab-3 expression. For each fosmid reporter three representative examples of neurons are 
shown. The neuron on top expresses YFP in higher levels than RFP. The neuron in the 
middle has equal levels of expression of YFP and RFP. The neuron at the bottom has 
lower levels of YFP in comparison to RFP expression levels. 
 
The expression of the panneuronal battery of 23 genes is not entirely restricted to 
the nervous system. Some members of this gene battery are expressed in neurons and a 
small number of neurosecretory cells (rab-3, ric-4, unc-10, egl-3, egl-21, rgef-1), some 
are expressed in a restricted number of non-ectodermal cells (nsf-1, unc-64, sng-1, snt-1, 
ehs-1, snn-1, unc-104, unc-11) and a few are ubiquitously expressed (Figures 2-4 and 
Figure 6). Non-neuronal reporter expression is generally significantly lower than the 
expression in the nervous system (ranging from 2-fold to 5-fold lower, as assessed by 
pixel intensity measurements for selected reporters; data not shown), with the exception 
of four cases (snb-1, syd-2, unc-108, tbb-1) in which we detected uniform expression 
throughout all tissues (Figure 8). 
In vertebrates, some broad neuronal identity features (such as the expression of 
the TuJ1 marker) are observed in immature, still dividing neuronal precursors (Sharma 
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and Netland 2007). To examine whether pan-neuronal features and, hence, neuronal 
identity are also established early during C.elegans embryogenesis, we investigated the 
onset of expression of a number of the pan-neuronally expressed genes using fosmid 
reporter expression. We observed two types of patterns: genes that are expressed pan-
neuronally, but are also expressed strongly in other cell types (e.g. snb-1, syd-2, tbb-1, 
unc-108) show broad expression during the proliferative phase in the developing embryo 
(Figure 9A). In contrast, genes that are more restricted to the nervous system in the 
mature animal (e.g. ric-4, rab-3, unc-10, snt-1, snn-1, egl-3, egl-21, unc-31, rgef-1) did 
not show any expression prior to cell cycle exit (Figure 9B). As assessed by comparison 
with the rab-3prom1 reporter (Figure 10), the onset of expression of these neuronal-
restricted pan-neuronal genes usually rather coincides with postmitotic phases of 
neuronal maturation in both the 1.5 to 2-fold stage of embryonic development (460-470 
minutes of development; most neurons have terminally divided by 330 min of 




Figure 8. Three different categories of pan-neuronal genes based on their expression 
in other cell types. There are three main categories of pan-neuronal genes based on their 
expression in non-neuronal cells. A: Expression in all neurons and only few non-neuronal 
secretory cells. B: Expression in all neurons and weaker expression in other tissues. 
Expanded boxes show better the difference in levels between neurons and non-neuronal 
cells. Green arrowheads indicate neurons, dashed greens line indicates ventral nerve cord 
motorneurons and grey arrowheads indicate non-neuronal cells. C: Expression in all 
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neurons and equally bright expression in all other tissues. Fluorescent images of L4 / 
young adult worms of selected fosmid reporter for each category are shown. Scale bars 
are 0.1 mm. 
 
 
Figure 9. Onset of expression of pan-neuronal gene fosmid reporters. 
A: Embryonic onset of expression of the fosmid reporter of snb-1, a pan-neuronal gene 
that is expressed broadly in non-neuronal cell types. Broad expression is detected in very 
early embryonic stages when neurons are not yet born. Other pan-neuronal genes that are 
also expressed broadly outside the nervous system (listed below) have similar temporal 
expression pattern. B: Embryonic expression onset of the fosmid reporter of ric-4, a pan-
neuronal gene that is more restricted to the nervous system. Expression at first is detected 
at the comma stage, when all neurons have already been born. Other pan-neuronal genes 









































Figure 10. Onset of expression of the “reference” rab-3prom1 transcriptional 
reporter. A: Onset of rab-3prom1::2xNLS-YFP expression during embryonic 
development. Earliest expression is detected at the bean stage, when the majority of 
neurons are already born. B-C: Onset of expression in post-embryonically born neurons. 
In B, the V5 postembryonic lineage gives rise to two neurons, PDE and PVD, two glial 
cells and epidermal cells. rab-3prom1:YFP expression is detected only in mature 
postmitotic PDE and PVD neurons (ii), but not at an earlier stage in the “young” 
postmitotic PDE neuron and the PVD progenitor (i). Also in ii, the YFP expression levels 
in PDE and PVD (red arrowheads) are lower in comparison to neighboring neurons 
SDQL and PVM (grey arrowheads) that are born in the embryo. In later larval and adult 
stages PDE and PVD expression of rab-3prom1 is similar to the expression in SDQL and 
PVM. ajm-1::GFP is an apical junction marker that is used to follow the different stages 
of progression of the V5 lineage (Koppen, Simske et al. 2001). In (i) the dashed circle 
indicates the ajm-1::GFP expression in 4 cells at the corresponding stage (i) indicated in 
the lineage diagram. One of these 4 cells is the “young” PDE neuron. In C, the Pn 
postembryonic lineage gives rise to different VNC MN types. Expression of rab-
3prom1::YFP is not detected in the neural progenitors (i), or even at a stage when the 
neurons have just been born (ii). YFP expression in the postembryonic VNC neurons 
(read arrowheads) is detected only at a later stage (iii) and is initially weaker in 


























































































arrowheads). In later larval stages and adult worms all VNC neurons have similar rab-
3prom1::2x::NLS::YFP expression levels. In B and C, red arrows indicate postembryonic 
neurons and grey arrows indicate embryonic neurons. Scale bars are 0.01 mm 
 
 The reporter expression results are validated by independent approaches. The 
expression pattern of 18 of the 26 examined pan-neuronal genes had previously been 
examined by antibody staining (Table 1) revealing broad expression throughout the 
nervous system, corroborating our reporter results. Antibody staining revealed either 
predominant or exclusive expression in the nervous system but since these proteins are 
subcellularly localized, antibody-staining patterns are difficult to interpret in regard to 
potential neuron type specificity of expression. Therefore, as a further independent 
assessment of expression patterns we examined the expression of 6 genes (unc-10, ric-4, 
snb-1, unc-64, rab-3, ehs-1) using smFISH. The smFISH analysis confirms that unc-10, 
ric-4, snb-1, unc-64, rab-3 and ehs-1 are transcribed throughout the nervous system. unc-
10, rab-3 and ric-4 transcription is largely restricted to the nervous system, while snb-1, 
unc-64 and ehs-1 transcription is observed throughout all tissue types (Figure 11). This 
ubiquitous transcription contrasts the apparently neuron-restricted antibody staining. This 
may simply be because in non-neuronal cells SNB-1, UNC-64, and EHS-1 proteins may 
localize much more diffusely thereby given a false impression of nervous system 
restriction; alternatively, these genes may be posttranscriptionally regulated. Preliminary 
experiments and suggestions for future investigation towards that direction are going to 





Figure 11. Verification of expression patterns of selected pan-neuronal genes by 
smFISH. Single molecule in situ hybridization (smFISH) for unc-10 (A), snb-1 (B), ehs-
1 (C), unc-64 (D), ric-4 (E) and rab-3 (F) expression in a wild type background (mutant 
backgrounds were also used as a negative control, for genes for which alleles with large 
deletions in the coding sequence were available). C. elegans larvae were fixed and 
hybridized at the L1 stage. In red is the labeled smFISH probes and in blue is DAPI 
staining. Green dashed lines outline nervous system (head ganglia and VNC). White 
dashed-line circles outline examples of expression in non-neuronal cells. In E, the 
different regions a and b contain similar number of neurons. However region b has less 
ric-4 staining supporting the notion of differential levels of expression in different 
neurons (compare with ric-4 fosmid expression levels in the same head region in Fig 
7A). Scale bars are 0.01 mm. 
 
Taken together, as illustrated by the color scheme in Figure 6, we have defined a 
battery of genes that are truly pan-neuronal, i.e. expressed in all cells of the nervous 
system. Most (but not all) pan-neuronal genes are also expressed in a variety of distinct 
patterns outside the nervous system, but usually always at much lower levels and often in 
just a very restricted set of highly secretory cells. A consistent overlap of expression of 
all of these genes is restricted to the nervous system.	  	  
2.3.2 Cis-regulatory analysis of pan-neuronal gene expression. To decipher the 
logic of pan-neuronal gene expression we generated more than 500 transgenic lines 
containing 196 different reporter gene fusions, spanning from about 100 to 1500 base 
pairs, that interrogate the cis-regulatory information content of the 23 pan-neuronally 
expressed genes. For 19 of the 23 genes we generated multiple (up to 38) reporters that 
scan the cis-regulatory content of upstream and intronic regions of the respective genetic 
loci and for the remaining 4 genes (egl-3, egl-21, unc-18, unc-57) we generated 1kb 
fusions upstream of the respective gene (for number of reporters made for each gene see 
blue columns of Figure 6). Using the rab-3prom1 reference transgene in the background, 
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we carefully examined the expression of all these reporters throughout the entire nervous 
system, asking how the expression of these isolated elements compares to the expression 
of the respective fosmid reporters. We reasoned that the breadth and depth of this cis-
regulatory analysis would provide evidence to distinguish the different models discussed 
earlier and shown again in Figure 12. As illustrated schematically in Figure 12, if 
expression of the respective gene locus were shaped by cis-regulatory elements that 
repress expression outside the nervous system (model #1), at least some of the reporter 
fusions may lack such repressor elements, resulting in derepression outside the nervous 
system. Alternatively, if pan-neuronal expression were defined by a master-regulator and 
its cognate cis-regulatory element – such as the bioinformatically defined “N1 box” 
(model #2) (Ruvinsky, Ohler et al. 2007) – only a small set of reporters that contain this 
pan-neuronal cis-regulatory element would show broad neuronal expression, while many 
other reporters would not show any expression. In contrast, if expression were controlled 
in a modular manner by distinct factors in distinct neuron types (model #3), we would 
observe that many of the reporters would reveal expression in subsets of neuron types. 
 
Figure 12. Different possible outcomes of our cis-regulatory analysis based on the 




































































be able to separate the repressor from the activator element and then one of the reporter 
constructs would show derepression of expression in tissues where the gene is not 
initially expressed. If the master regulator model (model 2) would be correct then we 
would be able to find a minimal cis-regulatory element both sufficient and required to 
drive pan-neuronal expression. If the modular regulation model would be correct then 
non-overlapping cis-regulatory elements would drive expression in subsets of neurons. 
Only when these elements are all together they can produce pan-neuronal expression. 
 
2.3.3 Modular control of pan-neuronal gene expression. The evidence from 
examining 196 reporter constructs of the 23 pan-neuronal genes points unequivocally to 
the modular control mechanism (model #3 in Figure 12). The data are shown in an 
exemplary manner for the gene ric-4 in Figure 13 and for all other genes in Figures 14 - 
25.  Figure 13 shows a worm schematic that explains how these data are presented. 
Neurons belonging to each ganglion are clustered into a black circle (numbers of neurons 
are shown in white inside the black circle). In the ensuing panels the fraction of neurons 
of each ganglion expressing each of the reporters (“prom”) is indicated with a partially 
filled circle (pie-chart). In virtually all cases examined we could break pan-neuronal 
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Figure 13. Modular architecture of cis-regulatory regions of the pan-neuronal gene 
ric-4. Data are shown in exemplary manner for ric-14 in Figure 13 and for all the other 
genes in Figures 14 – 25. A: Schematic representation of the nervous system of C. 
elegans used for the data presentation of the cis-regulatory analysis. AG = anterior head 
ganglion, DLVG = dorsal, lateral and ventral head ganglia, RVG = retrovesicular 
ganglion, VNC = ventral nerve cord motor neurons, MB = mid-body neurons, PAG = 
preanal ganglion, DRLG = dorsorectal and lumbar ganglia. Neurons belonging to these 
ganglia are shown in Figure 5C and listed in Table 2. B: Dissection analysis of cis-
regulatory regions of the ric-4 and snb-1 loci. Schematics of the fosmid reporters are 
shown below gene schematics (YFP = pBALU23, YFP* = pBALUNI described in the 
Materials and Methods section and Table 4). Individual cis-regulatory regions are 
tagged with nuclear localized 2xNLS::TagRFP. The expression of each of these 
promoters in the nervous system is shown next to each construct. The nervous system of 
the hermaphrodite C. elegans has been divided in seven regions containing different 
ganglia, represented by a black circle, as described in panel (A). The expression of each 
reporter construct is presented in the form of pie-charts that show % of neurons 
expressing in each of these different ganglia. For example, fosmid reporters for ric-4 
drive expression in 100% of all neurons in all different ganglia. On the other hand ric-
4prom1 drives expression only in 4 out of the 20 neurons of the Retrovesicular Ganglion 
(RVG, that this represented by the third circle, as shown in panel A), which is translated 
into 20% of the neurons of the RVG. It is also expressed in 13.5% of the neurons of the 
VNC (forth circle), and 18.1% of the neurons of PAG (sixth circle), while no expression 
is detected in the AG (first circle), DLVG (second circle), MB neurons (forth circle) and 
DRLG (seventh circle). For each of these reporter constructs, 3 independent transgenic 
lines are scored (≥10 worms scored for each line); very little variation is observed across 
the three different lines.	  The length in base pairs (bp) and the coordinates of each 
promoter fragment in relation to the translational start site are shown next to each 
construct. For Figures 13 – 25: Expression in other tissues: ubiq = ubiquitous, Epi = 
epidermis, Mu = muscle, Int = intestine, Cc = coelomocytes. Functional binding motifs 
are shown as vertical colored lines: blue = COE (binding motif for unc-3) motif, red = 
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Figure 19. Cis-regulatory analysis for genes syd-2, unc-57, sng-1 and unc-18. 
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Figure 20. Cis-regulatory analysis for genes rab-3 and ehs-1. 
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Figure 23. Cis-regulatory analysis for gene ric-19  (continued from Figure 22). 
Scanning substitution analysis for ric-19prom6. Substitutions 6, 7, 8, 11, 12 and 23 cause 
loss of expression in neuronal subsets (shown in red boxes). Conservation of ric-19prom6 
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to substitutions 6, 7, 8, 11, 12 and 23 is in red boxes from right to left. 
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Figure 25. Cis-regulatory analysis for genes tbb-1, tbb-4 and tbb-5.  
 
In many cases (e.g. ric-4, unc-64, unc-10, unc-104 and unc-31 loci), modular 
control elements that drive expression in subdomains of the nervous system are spread 
over larger (ranging from 5kb to more than 10kb) intervals. In other cases (e.g. snb-1, 
unc-11, and ric-19 loci), small elements of between 130 - 300 bps in length still drive 
very broad or pan-neuronal expression; in these three cases, we undertook a deletion 
analysis to assess expression throughout the nervous system (in one case, ric-19, this 
included the generation of 29 deletion constructs with a scanning window size of 5bp). 
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distinct domains of the nervous system, thereby further corroborating the concept of 
modularity of regulatory elements (Figures 14, 16 and 23).  
The modular organization of regulatory elements rules out a master regulatory 
model (model #2) as the sole mechanism of regulation. Moreover, there is no correlation 
between pan-neuronal expression of a reporter construct and the presence of the 
bioinformatically defined “N1 box” (Figure 26), a sequence motif found enriched in pan-
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Figure 26. N1 box is not a master cis-regulatory element for pan-neuronal gene 
expression. Examples of the cis-regulatory analysis showing that the N1 box (Ruvinsky, 
Ohler et al. 2007) is neither sufficient (snb-1: prom3, prom13, prom17, prom20, unc-11: 
prom3, prom7, prom8, unc-10: prom4, prom5, and unc-64prom7) nor required (snb-
1prom19, unc-11prom9) for broad neuronal expression, excluding its role as a cis-
regulatory element that binds a master regulator transcription factor for pan-neuronal 
gene expression. 
 
Our extensive deletion analysis cis-regulatory control regions also provided no 
substantial evidence for the existence of repressor elements, i.e. we virtually never 
observed ectopic expression of individual cis-regulatory elements of any given gene, 
outside of tissues that this gene is initially expressed in. We further ruled out the non-
neuronal repressor model (model #1) by examining the mutant phenotype of two genes, 
spr-3 and spr-4, which were previously suggested to code for the C. elegans functional 
homologs of the REST/NRSF repressor protein (Lakowski, Eimer et al. 2003, Lu, Aron 
et al. 2014). Null mutants of either gene alone, a double mutant of spr-3 and spr-4 or null 
mutants of spr-1, which encodes the C.elegans ortholog of the cofactor of REST/NRSF, 
called CoREST (Jarriault and Greenwald 2002), show no derepression of the pan-
neuronally expressed ric-4 and rab-3 genes in any of the non-neuronal cells in which 
these genes are not normally expressed in (Figure 27). 
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Figure 27. The C. elegans REST/NRSF functional homologues have no effect on 
pan-neuronal gene expression in C. elegans. A: C.elegans genes with highest similarity 
to vertebrate NRSF/REST. Shown are the results of a BLASTP with human NRSF/REST 
against the C.elegans genome.  All the top hits are genes that are the orthologs of other 
genes; in addition, SPR-3, SPR-4 Zn finger proteins claimed to be REST homolog 
(Lakowski, Eimer et al. 2003, Lu, Aron et al. 2014) do not pick up NRSF/REST as top 
hit. This indicates that in spite of previous claims (Lakowski, Eimer et al. 2003, Lu, Aron 
et al. 2014), C.elegans may not contain a true NRSF/REST ortholog. However, SPR-3/4 





























Rank C.elegans%Hit E%value reciprocal%best%homolog
1 BLMP)1 7e)26 human2PRDM1/BLIMP1
2 EOR)1 2e)25 human2PLZF
3 Y55F3AM.14 7e)20 human2ZNF658
4 F47E1.322 2e)19 human2PRDM14
5 FEZF)1 2e)19 human2FEZF)1

































Greenwald 2002). The existence of CoREST in C.elegans is not indicative of the 
presence of an as yet unidentified NRSF/REST factor because CoREST is part of a 
broadly employed chromatin modifying complex (Laugesen and Helin 2014). B: The ric-
4fosmid reporter and rab-3prom1 reporter show no derepression of expression in non-
neuronal cell types when crossed into spr-1, spr-3, spr-4 single mutant and spr-3 ; spr-4 
double mutant backgrounds. ric-4/SNAP25 is a confirmed target of REST/NRSF in 
vertebrates (Bruce, Donaldson et al. 2004). Fluorescent images of young adult C. elegans 
hermaphrodites are shown. Scale bars are 0.1 mm. 
 
We also examined the domains of expression of modular elements from each of 
the pan-neuronal genes, asking whether these domains define neuron types that show any 
specific relationship to one another. For example, it could be envisioned that these 
modules carry positional information, share a common lineage origin or are expressed in 
functionally related neurons. We find that such relationships are not readily apparent. 
Cis-regulatory modules from different pan-neuronal genes drive expression in neurons 
that are scattered throughout the nervous system (i.e. not clustered in specific ganglia), do 
not share a common lineage history and are not confined to sensory or motor neurons (i.e. 
no modular element drives specific expression in all sensory neurons). The only 
clustering of related neurons that we observed with any given module is a 62bp module 
from the ehs-1 cis-regulatory control region, which drives expression in all pharyngeal 
neurons but no other neurons (ehs-1prom4 in Figure 20). 
2.3.4 Modular elements contain redundant cis-regulatory information. Apart 
from the striking and pervasive theme of modularity, we consistently observed another 
major theme applicable to almost all cases in which we examined 2 or more constructs 
per gene: (see again last two columns in Figure 6, page 45). Discrete, non-overlapping 
regulatory regions from individual pan-neuronal genes drive expression in largely 
overlapping parts of the nervous system (Figures 28 - 32). In some cases this is simply 
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evidenced by the fact that separate, discrete elements of the same locus produce 
expression in >85% of the nervous system (for example, the cis-regulatory elements 
“prom1” and “prom2” of nsf-1 in Figure 15 and Figure 28 and “prom2” and “prom4” of 
snb-1, Figure 14).  
Figure 28. Non-overlapping cis-regulatory elements of nsf-1 drive overlapping 
neuronal expression. nsf-1prom1 and nsf-1prom2 drive expression in >85% of the C. 
elegans nervous system and they obviously have overlapping expression in most of C. 
elegans neurons. Scale bars are 0.1 mm. 
 
We also confirmed the redundancy of cis-regulatory information in several 
manners. First, for a number of cases, we generated reporters in which one discrete 
fragment from a locus is tagged with GFP and another non-overlapping fragment from 
the same locus is tagged with RFP. These reporters were then crossed together and 
overlaps in the expression pattern were examined systematically. As shown in Figures 
29, 30 and 31 discrete elements from the snb-1, unc-31 and unc-64 loci showed large 






Figure 29. Non-overlapping cis-regulatory elements of snb-1 drive overlapping 
neuronal expression. Non-overlapping cis-regulatory elements from the snb-1 locus are 
tagged with fluorescent proteins of different colors and when subsequently crossed 
together they reveal neurons with overlapping expression (seen as orange/yellow neurons 
in the merge panels; also specific neurons with overlapping expression are outlined with 
dashed line circles). A: prom17::2xNLS-gfp, prom2::2xNLS-tagRFP. A broad overlap in 
expression is apparent in the merged image. B: prom17::2xNLS-gfp, prom1::2xNLS-




Figure 30. Non-overlapping cis-regulatory elements of unc-31 drive overlapping 
neuronal expression. A: prom2::2xNLS-gfp, prom3::2xNLS-tagRFP. B: prom2::2xNLS-














Figure 31. Non-overlapping cis-regulatory elements of unc-64 drive overlapping 
neuronal expression. prom8::2xNLS-gfp, prom4::2xNLS-tagRFP. Scale bars are 0.01 
mm. 
 
Second, we honed in on specific neuron types - mainly ventral nerve cord (VNC) 
motor neurons (MNs) and mid-body neurons but also some head neurons - and examined 
whether discrete, separate fragments from individual pan-neuronal loci would drive 
expression in these identified neuron types. Again, we found this to be the case in all 
cases examined. For example, four non-overlapping elements of the ric-4 locus drive 
expression in the DA motor neurons and four different elements of the snb-1 locus drive 
expression in the PVD sensory neurons (Figure 32A). Taken together, we defined a 
common organizational principle of the regulatory architecture of all pan-neuronal genes 
analyzed, in the form of redundant modules that drive expression in overlapping domains 
of the nervous system. This theme is schematically illustrated in Figure 32B. 
 78	  
 
Figure 32. Overlapping expression in specific neuron types from non-overlapping 
cis-regulatory elements. A: Specific neuron types (right column) in which there is 
overlapping expression from non-overlapping fragments of the same locus (left column). 
B: Schematic summary of modular and redundant expression of pan-neuronal genes. 
Distinct cis-regulatory elements (“promoters”) drive overlapping expression in different 
domains (colored) of the C. elegans nervous system (outlined with dashed line). 
 
2.3.5 Parallel-acting, redundant elements are controlled by distinct 
transcription factors. The observation of separable cis-regulatory regions driving 
expression in the same neuron types could be explained in two different ways. There may 
be multiple copies of the same regulatory motifs, recognized by the same cohort of 
transcription factor(s) and each separable element may contain copies of these motifs. 
Non-overlapping cis-regulatory 
elements from the same gene Common expression in:
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Alternatively, discrete elements may be controlled by distinct control mechanisms. We 
tested this possibility by a combination of sequence motif analysis and the examination of 
candidate trans-acting factors. We initially focused on two distinct cis-regulatory 
elements from the ric-4 locus that drive overlapping expression in many ventral nerve 
cord motorneurons (VNC MNs), ric-4prom4 and ric-4prom17 (Figure 33A). 
Specifically, we noted that the ric-4prom4 element loci that drives expression in the A, B 
and AS-type cholinergic and D-type GABAergic VNC MNs contains conserved 
predicted binding sites for the terminal selector of cholinergic VNC MN identity, unc-3 
and for the terminal selector of GABAergic VNC MN identity, unc-30. Terminal 
selectors like unc-3 and unc-30 are known to be required for the expression of most if not 
all known neuron-type specific identity features of specific neuron types. However, as 
assessed in many different cellular contexts, terminal selectors are not required for the 
expression of pan-neuronal identity features (Altun-Gultekin, Andachi et al. 2001, 
Uchida, Nakano et al. 2003, Hobert 2011, Kratsios, Stolfi et al. 2011, Doitsidou, Flames 
et al. 2013). As such, the presence of unc-3 binding sites (COE motifs) and UNC-30 
binding sites in discrete elements from the ric-4 locus was unexpected. However, we find 
that mutation of the COE and unc-30 binding motifs in ric-4prom4 do abolish expression 
in cholinergic and GABAergic VNC MNs respectively. Moreover, the expression of ric-
4prom4 in VNC MNs is lost if reporter transgenes are crossed into an unc-3 and unc-30 
null mutant backgrounds (Figure 33A, Figure 34). This is in striking contrast to 
expression of the fosmid-based ric-4 reporter: when crossed into unc-3 and unc-30 null 
mutant backgrounds, expression is not affected (Figure 33C, Figure 35). These data 
suggest that ric-4 expression in VNC MNs is controlled by multiple, parallel-acting 
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regulatory inputs, with one, but only one component of these inputs being a selector of 
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Figure 33. Terminal selectors act in parallel to HOX Genes to regulate VNC MN 
expression of the pan-neuronal gene ric-4. A - C: Summary of ric-4 reporter gene 
expression in various genetic backgrounds. In a wild-type background, both ric-4prom4 
and ric-4prom17 drive overlapping expression in VNC MNs. The neuron types in which 
the expression of ric-4prom4 and ric-4prom17 overlaps in the VNC MNs are shown in 
red. Panel A shows that the terminal selectors unc-3 and unc-30 directly control ric-
4prom4 expression in the cholinergic and GABAergic MNs respectively, while ric-
4prom4 expression does not depend on HOX genes. Panel B shows that ric-4prom17 
expression in the VNC MNs depends on HOX genes (lin-39, mab-5) and the HOX 
cofactor ceh-20, and is independent of unc-3 and unc-30. In all panels, the reporter 
transgene (otIs490 for ric-4prom4, otIs414 for ric-4prom17 and otIs353 for ric-4fosmid) 
was crossed into the respective mutant background. See Methods for mutant alleles used. 
Panel C shows that the ric-4 fosmid reporter (schematic shown again on top) VNC 
expression is unaffected in the unc-3 ; unc-30 mutants, HOX mutants and in the 
quadruple mutant background. VC neurons are not generated in lin-39 and ceh-20 
mutants (Clark, Chisholm et al. 1993). Additional data and quantification are provided in 




Figure 34. ric-4prom4 expression in VNC MNs depends on the terminal selectors 
unc-3 and unc-30. 
A. ric-4prom4  in VNC MNs is completely abolished in unc-3 ; unc-30 mutants but 
unaffected in a double HOX (lin-39 mab-5) mutant background. Fluorescent and 
Nomarski images of L4 / young adult worms are shown. B: Quantification of data is 
shown in panel A. C: Upon mutation of the COE motif, ric-4prom4 drives expression 
only in the GABAergic motorneurons. D: Upon mutation of the UNC-30 motif, ric-
4prom4 loses expression specifically in the GABAergic motorneurons. E: Upon mutation 
of both COE and UNC-30 motifs ric-4prom4 does not drive expression in any VNC MN. 
Error bars show standard deviation. Two-tailed student’s t-test was used for statistical 




























































Figure 35. ric-4fosmid reporter expression in VNC MNs is not affected in the 
terminal selector mutant, the HOX mutant or in the  quadruple lin-39 mab-5 ; unc-
30 ; unc-3 mutant backgrounds. 
A: Fluorescent and Nomarski images of L4 / young adult stage worms are shown (except 
ceh-20 mutants the die at the L3 larval stage). B: ric-4fosmid reporter expression in the 




































































































shown in A. In lin-39 and ceh-20 mutants that VC neurons of the VNC are not generated. 
Therefore for the statistical analysis the average number of VNC MNs expressing the ric-
4fosmid reporter in these mutants is compared to the total number of VNC neurons 
expressed in the wild type (59) minus the VC neurons (6), which is 53 VNC MNs. Two-
tailed student’s t-test was used for statistical analysis. * = p<0.05, **=p<0.01, 
***=p<0.001. Scale bars are 0.1 mm in A and 0.01 mm in B.  
 
2.3.6 HOX transcription factors provide parallel regulatory inputs. Notably, 
another region of the ric-4 locus, the 148bp element ric-4prom17, which also produces 
expression in VNC MNs, does not contain COE and UNC-30 motifs and, when crossed 
into unc-3 and unc-30 null mutant backgrounds, still drives reporter expression in VNC 
MNs. We noted a that this element contains a conserved HOX/EXD binding site (Mann 
and Affolter 1998) (Figure 37A). Like in vertebrates, C. elegans HOX genes are 
expressed in the context of the nervous system predominantly in motor neurons along the 
ventral/spinal nerve cord (Kenyon, Austin et al. 1997). We first examined the VNC MNs 
of the midbody region, which are known to express the lin-39/HOX gene, the C. elegans 
homolog of Scr and Dfd (Kenyon, Austin et al. 1997). We find that VNC MN expression 
of the ric-4prom17 element is severely reduced in lin-39 mutants (Figure 36). Animals 
that lack the Antennapedia-type HOX gene mab-5, which is expressed in a partially 
overlapping midbody domain with lin-39 (Kenyon, Austin et al. 1997)(Kratsios and 
Hobert, unpublished data) do not show a reduction in ric-4prom17 expression (Figure 
36). However, lin-39 mab-5 double null mutants show a stronger downregulation of 
expression than lin-39 single mutants (Figure 33B, Figure 36). The phenotype of lin-39 
mab-5 double null mutants is not completely penetrant and we considered whether the 
Labial ortholog ceh-13, known to be coexpressed with lin-39 and mab-5 in VNC MNs 
(Streit, Kohler et al. 2002), may also contribute to ric-4prom17 expression. We indeed 
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find this to be the case (Figure 37B). At the posterior end of the VNC, the AbdB ortholog 
egl-5 affects expression of ric-4prom17 in neurons of the preanal ganglion (Figure 37C). 
As expected from these results, genetic removal of the HOX cofactor ceh-20, an 
Extradenticle/Pbx ortholog, results in a similar, strong reduction of ric-4prom17 
expression (Figure 33B, Figure 36). 
All of these interactions may be direct since upon deletion of the predicted 
HOX/EXD binding site in ric-4prom17 the VNC MN expression of the reporter gene is 
completely lost (Figure 33B, Figure 36). Strikingly, expression of the ric-4fosmid 
reporter was completely unaffected in HOX gene mutant backgrounds (Figure 33C, 
Figure 35), thereby mirroring the situation with terminal selectors, which affect the 
expression of individual modules but not the expression of the fosmid-based reporter. 
The unaffected ric-4 fosmid reporter expression in HOX mutants also demonstrates that 
the lack of expression of individual cis-regulatory elements in HOX mutants is not 




Figure 36. ric-4prom17 VNC MN expression depends on the HOX genes lin-39, mab-
5 and the HOX cofactor, ceh-20. 
A: ric-4prom17 VNC MN expression is significantly reduced in lin-39 and lin-39 mab-5 
double mutants, in ceh-20 (HOX cofactor ortholog of vertebrate Pbx) mutants and upon 





































































































stage worms are shown (except ceh-20 mutants that die at the L3 larval stage).  B: 
Quantification of the data shown in panel A. C: same as in panel B, but VNC MNs 
expression was scored separately for neurons anterior and posterior to the vulva to show 
the positional specificity of HOX genes. Error bars show standard deviation. Two-tailed 
student’s t-test was used for statistical analysis. * = p<0.05, **=p<0.01, ***=p<0.001. 
Scale bars are 0.1 mm. 
 
 
Figure 37. The HOX genes egl-5 and ceh-13 also affect expression of ric-4prom17. 
A: Conservation of the HOX/EXD motif (blue box) of ric-4prom17 among 4 nematode 
species. B: ric-4 prom17 expression in the preanal ganglion neurons is affected in the 
mutant background of posteriorly expressed egl-5 HOX gene. Data are presented in a dot-
plot. Black line represents average number of neurons expressing in each genotype (6.6 
in the wildtype and 5.9 in the egl-5 mutant). C: ric-4 prom17 expression in the VNC 
MNs neurons is affected in the mutant background of the ceh-13 HOX gene. ceh-13 null 
mutants are L1 larva lethal. Two-tailed student’s t-test was used for statistical analysis. * 
= p<0.05, **=p<0.01, ***=p<0.001. Scale bars are 0.01 mm.  
 
Notably, in mutant animals in which we removed both terminal selectors (unc-30 
and unc-3) together with the HOX genes lin-39 and mab-5, we still observed that pan-
neuronal expression of the ric-4 fosmid reporter is unaffected (Figure 33C; Figure 35). 
HOX/EXD consensus
motif:
T G A T N N A T N N
CLUSTAL 2.1 multiple sequence alignment 
elegans         CG---------TGCCATCCATTC------AAACAACGCTTATTTTATGAATAATTGCCTT 45 
briggsae        ---------CGTGCCATCCATTC------AAAAAGCGCTTATTTTATGAATAATTGCCTT 45 
brenneri        CGTTTTCAGCGTGCCATCCATTC------AAACAGCGCTTATTTTATGAATAATTGCCTT 54 
remanei         CGTTTTTG--ATGCCATCCATTCCATTCAAAACTCCGCTTATTTTATGAATAATTGCCTT 58 
                           ************      ***   ************************* 
elegans         TTTCGCTGAGCTCTTTTCGTTTCGTCT----TTCTTG-TTTCTGTTGCTTCTTC---CGA 97 
briggsae        TTT-TCTGAGCTCTTTTCGTTTCGTTTCGTCTTCTTC--TTTTGTCGCTTATTCTTTGGG 102 
brenneri        TCTCACTGAGCCCTTTGAGTTTCGTTT----TCCTTC--TTTTGTTGCTTCTTCTTTGGA 108 
remanei         TTTCACTGAGCTCTTTT--TCTCGTTT----TTCCTCTTTTTTGTTGCTTCTTC---GGA 109 
                * *  ****** ****   * **** *    * * *   ** *** **** ***    *  
elegans         GTG--AGCCGGACATAAAATTGGG---TAGCGGT------------TGTTGTTTCGTCGG 140 
briggsae        GTA--AAAAGGAAAAGAAAAAGAAATTGGGTAGAGGG-------GATGTTGTTTCGGTTG 153 
brenneri        GTG--AAACG-ATGGAAGACCGAAATTGGGTAGTAGAGA-----GACGTTGTTTCCCTT- 159 
remanei         GTTGAAATAGGAAGAAAAAGAGAGGAAAAGAAGTGGAAATTGGGTATGTTGTTTTGTTGG 169 
               **   *   * *    * *  *       *  *              *******       
elegans         TGTTTTGC 148 
briggsae        -GTTTTGC 160 
brenneri        ---TTTGC 164 
remanei         -GGTTTGC 176 
                   ***** 
CLUSTAL 2.1 multiple sequence alignment 
elegans         CG---------TGCCATCCATTC------AAACAACGCTTATTTTATGAATAATTGCCTT 45 
briggsae        ---------CGTGCCATCCATTC------AAAAAGCGCTTATTTTATGAATAATTGCCTT 45 
brenneri        CGTTTTCAGCGTGCCATCCATTC------AAACAGCGCTTATTTTATGAATAATTGCCTT 54 
remanei         CGTTTTTG--ATGCCATCCATTCCATTCAAAACTCCGCTTATTTTATGAATAATTGCCTT 58 
                           ************      ***   ************************* 
elegans         TTTCGCTGAGCTCTTTTCGTTTCGTCT----TTCTTG-TTTCTGTTGCTTCTTC---CGA 97 
briggsae        TTT-TCTGAGCTCTTTTCGTTTCGTTTCGTCTTCTTC--TTTTGTCGCTTATTCTTTGGG 102 
brenneri        TCTCACTGAGCCCTTTGAGTTTCGTTT----TCCTTC--TTTTGTTGCTTCTTCTTTGGA 108 
remanei         TTTCACTGAGCTCTTTT--TCTCGTTT----TTCCTCTTTTTTGTTGCTTCTTC---GGA 109 
                * *  ****** ****   * **** *    * * *   ** *** **** ***    *  
elegans         GTG--AGCCGGACATAAAATTGGG---TAGCGGT------------TGTTGTTTCGTCGG 140 
briggsae        GTA--AAAAGGAAAAGAAAAAGAAATTGGGTAGAGGG-------GATGTTGTTTCGGTTG 153 
brenneri        GTG--AAACG-ATGGAAGACCGAAATTGGGTAGTAGAGA-----GACGTTGTTTCCCTT- 159 
remanei         GTTGAAATAGGAAGAAAAAGAGAGGAAAAGAAGTGGAAATTGGGTATGTTGTTTTGTTGG 169 
               **   *   * *    * *  *       *  *              *******       
elegans         TGTTTTGC 148 
briggsae        -GTTTTGC 160 
brenneri        ---TTTGC 164 
remanei         -GGTTTGC 176 










































































































Expression appears to be of the same intensity, as assessed by smFISH analysis (Figure 
38). Hence, there are more than two parallel inputs into ric-4 regulation. We deleted four 
other elements in the ric-4 locus which, in isolation, produced VNC MN expression (ric-
4prom1, ric-4prom2, ric-4prom26 and ric-4prom27 in Figure 13B) and that may 
constitute response elements to parallel-acting factors. Deleting these elements from the 
fosmid reporter construct did not result in a loss of VNC MN expression, confirming that 
these elements are in isolation sufficient, but not required for VNC MN expression. We 
crossed this mutated fosmid reporter into unc-3; unc-30; lin-39 mab-5 quadruple mutant 
to also eliminate the combined terminal selector and HOX input and find that this 
reporter still drives expression of ric-4 in many VNC MNs (Figure 39A). We mentioned 
above that ceh-13, another HOX factor expressed in VNC MNs might contribute to 
expression of ric-4 in VNC MNs, and this could be an explanation why the double 
mutated ric-4 fosmid reporter still drives expression in the majority of VNC MNs. 
Because the construction of a lin-39 mab-5 ceh-13 ; unc-3 ; unc-30 quintuple mutant was 
extremely difficult, we decided instead to make a triple mutated ric-4 fosmid reporter, 
that apart from the previously mutated regions also contains a deletion of the HOX/EXD 
binding site. Surprisingly, this fosmid reporter still dives expression in about 80% of 
VNC MNs, when crossed into, unc-3 ; unc-30 and unc-3 ; unc-30 ; lin-39 mab-5 mutant 
backgrounds (Figure 39). These observations are a testament to the extreme redundancy 
of regulatory control mechanisms that direct gene expression of the ric-4 gene.  
We considered the possibility that these two distinct cis-regulatory elements, ric-
4prom4 and ric-4prom17 whose expression in the VNC MNs is controlled by distincts 
transcription factors (terminal selectors unc-3, unc-30 and HOX factors respectively) may 
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display distinct onsets of expression. For example, one element may capture early, 
initiating phases of pan-neuronal gene expression, which may fade during adult life, 
whereas the other, seemingly “redundant” element may only capture a later 
transcriptional maintenance phase. To address this possibility we carefully examined the 
onset of expression of these two elements and found the onset and maintenance of 
expression to be indistinguishable (Figure 40). Generally, we also find that the 




Figure 38. The levels of endogenous ric-4 expression in unaffected in unc-30 ; unc-3 
double mutants and in lin-39 mab-5 ; unc-30 ; unc-3 quadruple mutants. 
smFISH staining in L1 larva worms for endogenous ric-4 transcripts in wildtype (A), 
unc-30 ; unc-3 (B) and quadruple (C) mutants. Quantification is shown in D: The average 
number of transcripts (yellow) for each embryonic VNC MN (red), in the three different 
genetic backgrounds (blue) is shown. Small variations in the average number of 
transcripts for each neuron are not statistically significant, as assessed by a three-way 
ANOVA statistical analysis. Note the difference in expression levels of the DB neurons 
(~6 transcripts/neuron) in comparison to the DA and DD neurons (~10 
transcripts/neuron) that verifies endogenous variability of expression in different neuron 
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Figure 39. Extreme redundancy for VNC MN expression in the ric-4 locus. 
A: The ric-4 fosmid reporter construct with two deleted regions that contain information 
for VNC expression [deletion 1 (ric-4prom1 + ric-4prom2) and deletion 2 (ric-4prom26 
+ ric-4prom27) see Fig.2B] is shown on top. Fluorescent images of young adult worms 
show that this construct is still able to drive VNC MN expression in a wild type and lin-
39 mab-5 ; unc-30 ; unc-3 quadruple mutant background. Quantification is on the right. 
B: The ric-4 fosmid reporter construct containing the deletion of the HOX/EXD motif in 
addition to the two deletions of the construct in A. This fosmid reporter is still able to 
drive expression in about 80% of VNC MNs when crossed in a quadruple mutant 













































































Figure 40. ric-4prom4 and ric-4prom17 transgenes are expressed in a very similar 
temporal manner.  
Expression patterns of ric-4prom4::2xNLS::GFP (otIs490) and ric-
4prom17::2xNLS::GFP (otIs414) transgenes in different stages from embryo through 
adulthood. For both transgenes VNC MN expression starts being detected at the comma - 
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twofold stage (white asterisks) and stays on until adulthood. Red asterisks in the bean 
stage of ric-4prom4 indicate early expression of the intestinal co-injection marker. Scale 
bars are 0.01 mm from bean stage to L2 – L3 stage, and 0.1 mm from L4 stage to 6 day 
adults.  
 
2.3.7 Common regulatory logic of pan-neuronal genes. We tested the 
broadness of the concept of (a) distinct, parallel-acting regulatory inputs and (b) terminal 
selector involvement by examining several other neuron types. 
 First we focused on two small promoters from the snb-1 locus that, like for ric-4, 
drive expression in the VNC MNs and contain binding motifs for the VNC MN terminal 
selectors unc-3 and unc-30. More specifically snb-1prom7 drives expression in 
cholinergic VNC MNs and contains the COE motif of the terminal selector of cholinergic 
MNs, unc-3, and snb-1prom11 drives expression in GABAergic VNC MNs and contains 
an UNC-30 binding motif. VNC expression of snb-1prom7 and snb-1prom11 is lost when 
they are crossed into unc-3 and unc-30 null mutant backgrounds respectively (Figure 
41A, B, C). This effect might be direct since deletion of the unc-3 and unc-30 binding 
motifs results in complete loss of expression of snb-1prom7 and snb-1prom11 in VNC 
MNs respectively (Figure 41E, F). As is the case for ric-4, the snb-1 fosmid reporter 
expression is not affected in unc-3 and unc-30 null mutant backgrounds (Figure 41A, D). 
The snb-1 locus contains other elements, snb-1prom1 and snb-1prom17, that in isolation 
drive expression in VNC MNs. These elements do not contain unc-3 and unc-30 binding 
motifs and when crossed in unc-3 and unc-30 mutant backgrounds VNC MN expression 
is unaffected. We deleted these two cis-regulatory elements in the snb-1 fosmid reporter. 
This double mutated fosmid reporter still drives expression in 100% of VNC MNs, even 
when crossed in a unc-3 ; unc-30  ; lin-39 mab-5 quadruple mutant background. Like for 
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the ric-4 locus, these data show the extreme redundancy of the snb-1 locus for VNC MN 
expression (Figure 42). We tested whether HOX genes might provide a redundant 
regulatory input for snb-1 expression in the VNC MNs, as is the case for ric-4. The 
130bp cis-regulatory element snb-1prom17 contains three conserved TAAT motifs. 
Deletion in snb-1prom17 of a sequence that contains two of these three motifs (Figure 
43) results in severe reduction in VNC MN expression. However mutagenesis of these 
individual TAAT motifs does not have any effect in the VNC MN expression. Similarly, 




Figure 41. Expression in VNC motorneurons of isolated snb-1 cis-regulatory regions 
depends on the terminal selectors unc-3 and unc-30. 
A: snb-1prom7 expression in the A-type and B-type motor neurons is abolished in an 
unc-3 mutant background or by mutagenesis of the conserved UNC3 (COE) motif present 
in prom7 in all 3 different transgenic lines tested. Similarly, snb-1prom11 expression in 
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the D-type motorneurons is abolished in an unc-30 mutant background or by mutagenesis 
of the conserved UNC-30 motif present in prom11. In contrast snb-1prom17 does not 
contain UNC3 and UNC-30 motifs and its expression in the VNC motorneurons does not 
depend on unc-3 and unc-30. In addition expression of the snb-1 fosmid reporter remains 
unaffected in the terminal selector mutant backgrounds. Fluorescent worm images (L4 / 
young adult stage) and quantification of this analysis is shown in B and E for snb-





Figure 42. VNC MN expression of snb-1 fosmid reporter carrying deletions of 
redundant VNC cis-regulatory elements.  Deletion 1 removes snb-1prom17 and 
deletion 2 removes snb-1prom1, cis-regulatory elements that contain information for 
VNC MN expression (see Figure 14). In a wild type background this deleted fosmid 
reporter drives expression in all 59 VNC MNs. When crossed in a unc-3 ; unc-30 ; lin-39 
mab-5 quadruple mutant background this reporter  can still drive expression in all VNC 
MNs that are generated (the 6 VC neurons are not generated in lin-39 mutants).Dashed 
















































Figure 43. VNC Expression of snb-1prom17 is not dependent on HOX genes.  
snb-1prom17 contains 3 TAAT motifs. While deletion of a region containg two of these 
TAAT motifs reduces expression in 30% of VNC MNs, mutagenesis of individual TAAT 
or cominations of them does not show any effect in VNC MN expression. Similarly VCN 
MN expression is unaffected in a lin-39 mab-5 double HOX mutant background. Dashed 
line outlines VNC MNs. Scale bar is 0.1 mm. 
 
The theme of redundancy and terminal selector input applies not only to the VNC 
MNs but also to many other neurons throughout the entire nervous system and also for 
pan-neuronal genes other than ric-4 and snb-1. For example, we find that in null mutants 
of pag-3, ceh-14 and lim-4, terminal selectors of BDU interneuron, DVC interneuron and 
AWB sensory neuron identity respectively (Sagasti, Hobert et al. 1999, Nokes, Van Der 
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Linden et al. 2009, Serrano-Saiz, Poole et al. 2013), the expression of the unc-10 fosmid 
reporter is unaffected. Yet individual, isolated and parallel-acting elements from the unc-
10 locus do require pag-3, ceh-14 and lim-4 for the expression in BDU, DVC and AWB, 
respectively. Similarly, ric-4 fosmid gene expression is unaffected in the AIY 
interneurons of ttx-3 mutants or the ASE neurons of che-1 mutants, but individual, 
isolated elements from the ric-4 locus are ttx-3 or che-1-dependent in AIY or ASE, 
respectively. And again, unc-31 fosmid reporter expression in AVK neurons is not 
affected when crossed in the mutant background of the terminal selectors combination of 
AVK neurons unc-42 and fax-1. However the small promoter’s unc-31prom6 expression 
in AVK neurons depends on these two AVK terminal selectors. A summary of all the 




Figure 44. Distinct regulation of pan-neuronal and neuron-type specific identity 
features. A worm schematic (above) shows the position of the different neuron types 
mentioned in the first column of the table (below) that contains data summary. For pan-
neuronal genes expression in a specific neuron type is turned off in a terminal selector 
mutant background only in the context of small promoters containing isolated cis-
regulatory elements. However, expression of a pan-neuronal gene fosmid reporter that 
contains the entire cis-regulatory information remains unaffected in terminal selector 
mutant backgrounds. In contrast, for neuron type-specific genes, expression of both small 
promoters and fosmid reporters is turned off in terminal selector mutants, because 
terminal selectors are the sole regulatory input for neuron type-specific gene expression. 
Primary data are shown in Figures 45, 46, 47 and 48, except for cases with footnotes. * 
MNs = motor neurons, TRN = light touch receptor neurons. n.d. = not determined. 1: 
(Wenick and Hobert 2004), 2: (Hwang and Lee 2003), 3: (Kratsios, Stolfi et al. 2011), 4: 
(Eastman, Horvitz et al. 1999), 5: (Howell, White et al. 2015), 6: (Zhang, Bhattacharya et 
al. 2014), 7: (Gordon and Hobert 2015), 8: (Serrano-Saiz, Poole et al. 2013), 9: 

































TRNs** mec$3,*unc$86 ric$4 OFF#2 ON eat$4 OFF#8 OFF#8
IL2*sensory ric$4 OFF#(prom17) ON cho$1 OFF#5 OFF#5
AVK*interneuron unc$42,*fax$1 unc$31 OFF#(prom6) ON glr$5 OFF#9 n.d.
ASE*sensory che$1 ric$4 OFF#(proms14/25) ON gcy$5 OFF OFF
DVC*interneuron ceh$14 unc$10 OFF#(prom7) ON eat$4 OFF#8 OFF#8


















Figures 45 – 47. Terminal selectors affect pan-neuronal gene expression only in the 
context of “isolated cis-regulatory elements but not in the context of the fosmid 
reporters. 
These figures show fluorescent images and quantification of the data summarized in 
Figure 44. For example, in Figure 45A, the top row shows expression of ric-4prom17 in 
AIY neurons in a wildtype background and loss of this AIY expression in the mutant 
background of the terminal selector of AIY neurons, ttx-3. In contrast, in the lower row, 
ric-4fosmid reporter expression in AIY neurons (indicated with the white arrow) is 
unaffected in the ttx-3 mutant background. Quantification is shown on the right. Y- axis 
always shows % of animals with expression of the respective reporter. In panels 46C and 
47A, a double mutant background, pag-3 ; mec-3, instead of a pag-3 single mutant was 
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used to assess expression of BDU in the ric-4fosmid reporter  and unc-10fosmid 
reporters. pag-3 is a terminal selector for BDU neurons (Gordon and Hobert 2015) and 
mec-3 is a terminal selector for ALM neurons (Way and Chalfie 1988). In single pag-3 
mutants BDU neurons convert to ALM neurons and vice versa. Both the ric-4fosmid 
reporter and the unc-10fosmid reporter drive pan-neuronal expression, and hence they 
express in both BDU and ALM. If we were to cross the fosmid reporters in single pag-3 
mutant backgrounds and expression in BDU was still on (this is actually the case), we 
would not be able to exclude the possibility that this expression is controlled in a mec-3 
dependent manner in the what are now “BDU to ALM”-converted neurons. The double 
mutant background however takes care of this problem and the fact that in this double 
mutant background expression in the BDU neurons is still on shows that it must be 
controlled in a terminal selector-independent manner, by a different transcription factor. 
For the small reporter constructs ric-4prom17 and unc-10prom8 a double mutant 
background is not necessary because these reporters do not drive expression in ALM to 
start with. Similarly a double mutant background, lim-4 ; ceh-36 was used in Figure 
47A, to take care of the AWB to AWC cell fate conversion in lim-4 mutants (lim-4 is the 
terminal selector for the AWB (Sagasti, Hobert et al. 1999, Nokes, Van Der Linden et al. 
2009) and ceh-36 is the terminal selector the AWC neurons (Lanjuin, VanHoven et al. 









Figure 48. Mutational analysis of the ASE motifs of ric-4prom26. 
Expression of ric-4prom26 in ASE depends on the terminal selector che-1 (see Figure 
46C). Mutational analysis of the two ASE motifs of this promoter recapitulate that result, 
suggesting that the che-1 effect on the ASE expression of this reporter construct is direct. 
Scale bar is 0.01 mm. 
 
2.3.8 Comparing the pan-neuronal regulatory architecture with shadow 
enhancers. Seemingly redundant regulatory elements, driving similar expression in the 
same cells or tissues of an animal have been documented in the literature for numerous 
developmental patterning genes (Frankel 2012). In a number of these cases, the redundant 
regulatory elements have been coined “shadow enhancers” (Hong, Hendrix et al. 2008, 
Lagha, Bothma et al. 2012). By the nature of their discovery, shadow enhancers often 
refer to regulatory elements bound by the same set of transcription factors (Hong, 
Hendrix et al. 2008, Perry, Boettiger et al. 2010), which is different from the cases 
described here. Shadow enhancers have been shown to confer robustness of gene 






























ensure the correct timing of expression (Hong, Hendrix et al. 2008, Lagha, Bothma et al. 
2012). These features also do not appear to apply to the redundant control mechanisms of 
pan-neuronal gene expression. As mentioned above, a close examination of two 
redundant, independently controlled cis-elements from the ric-4 locus that drive 
expression in VNC MNs shows indistinguishable onsets of expression (Figure 40). As 
assessed by yfp fluorescence produced from a ric-4 fosmid reporter and as assessed by 
counting endogenous ric-4 mRNA levels with smFISH, we furthermore find ric-4 
expression to be unaffected in animals in which we removed two of the parallel, 
redundant regulatory inputs (unc-3 and unc-30 terminal selector mutants combined with 
HOX gene mutants) (Figures 35 and 38), even if we subject animals to various stressor 
(heat, starvation, gamma irradiation, oxidative stress, dauer formation, ethanol shock; 
Figure 49). We conclude that the regulatory architecture that we describe here for pan-
neuronal genes differs on several levels from at least some of the previously described 
features of shadow enhancers. First, the multiplicity of redundancies that we observed in 
pan-neuronal expression control is unprecedented (as assessed by the deletion analysis 
described in the previous section); second, the factors controlling distinct cis-regulatory 
elements are different; third, there are no measurable differences in the timing and level 
of expression of redundant regulatory elements under the same type of stressful 




Figure 49. No effect in VNC MN expression of ric-4 fosmid under various stress 
conditions in addition to the unc-3 ; unc-30 ; lin-39 mab-5 mutant background. The 














2.3.9 Fundamental differences in the control of pan-neuronal and neuron-
type specific gene expression. Our data suggest a fundamental difference between the 
mechanisms that control neuron-type specific genes and pan-neuronal genes. Whereas the 
expression of pan-neuronal genes depends on multiple parallel regulatory inputs, 
conferred by terminal selectors plus additional regulatory factors, neuron-type specific 
genes (and group identity genes – as part of neuron type specific identity of a neuron) 
depend solely on terminal selector transcription factors (Figure 50). This is evidenced by 
the fact that fosmid reporter expression of a number of neuron type-specific terminal 
identity genes is abolished in terminal selector mutants of the respective neuron type, as 
summarized in Figure 44. For example, a fosmid-based reporter for the choline 
transporter cho-1, which is exclusively expressed in cholinergic neurons, is controlled by: 
(i) the terminal selector unc-3 in the VNC MNs, (ii) the terminal selector combination ttx-
3 in the cholinergic interneuron AIY and (iii) the terminal selector lim-4 in the olfactory 
neuron AWB. To further solidify the exclusive and non-redundant contribution of 
terminal selectors, we mutated individual terminal selector binding sites in fosmid 
reporters (TTX-3/CEH-10 and COE motif in cho-1 fosmid, UNC-86/MEC-3 motif in eat-
4 and ASE motif in the gcy-5 fosmid). Introduction of single motif mutations resulted in 
loss of expression of the fosmid reporter in the specific neuron type (Figure 51). In 
additional support to that notion, a previous study has shown that a single base mutation 
(retrieved by a forward genetic screen) in the cis-regulatory region of the ASEL neuron-
type specific miRNA lsy-6, affects an ASE motif and results in loss of lsy-6 expression in 
ASEL (Sarin, Bertrand et al. 2010).  
We have revealed a common organizational principle shared by a coherent cohort 
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of terminal differentiation genes that define features shared by all neuron types. The 
landmark of this organizational principle is the multiplicity of independent, parallel-
acting and seemingly redundant regulatory inputs. Moreover, our analysis reveals 
fundamentally distinct features of the transcriptional control mechanisms in the nervous 
system. Neuron-type specific genes, such as sensory receptors, ion channels, 
neurotransmitter synthesizing enzymes, are subject to control by a comparatively simple, 
non-redundant cis-regulatory architecture composed of discrete regulatory elements 
responsive to neuron-identity defining terminal selector proteins. In striking contrast, the 
coherent theme of pan-neuronal gene expression control is defined by a convergence of 
multiple, parallel-acting and seemingly redundant transcriptional regulatory inputs. The	  
redundancy	  of	  regulation	  of	  pan-­‐neuronal	  gene	  expression	  is	  not	  anecdotal,	  but	  a	  
pervasive	  theme	  in	  the regulation of all pan-neuronal genes that we examined. This 
redundancy is possibly distinct from other previously described cases of regulatory 
redundancy, as exemplified by shadow enhancers. Shadow enhancers are essentially 
duplicated regulatory control elements that respond to similar trans-acting factors (Hong, 
Hendrix et al. 2008, Lagha, Bothma et al. 2012). In contrast, the redundant elements that 
we describe here integrate distinct trans-acting inputs and, in contrast to shadow 
enhancers, do not seem to be required to ensure robustness of gene regulation. Moreover, 
the redundancy of pan-neuronal gene expression appears to be more extensive than that 
of shadow enhancers of developmental control genes. For example, in the cases of ric-4 
and snb-1, we can infer the existence of at least four distinct, parallel regulatory inputs 
for expression in VNC MNs (Figures 39, 42). However, both the study of shadow 
enhancer and the regulatory elements that we describe here need to proceed to greater 
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depth before definitive comparative conclusions can be drawn. 
This fundamental difference may be a testament to the evolutionary history of 
gene expression profiles in the nervous system. The relative simplicity of neuron-type 
specific gene regulation may be a reflection of the relative rapid evolvability of neuronal 
type-specificity of gene expression programs. In contrast, the expression of pan-neuronal 
genes, which originated very early in nervous system evolution, necessitates stability and 
may have accumulated over time responsiveness to various transcriptional regulatory 
factors present in a mature neuron type. 
 
Figure 50. Model for regulation of pan-neuronal gene expression.  
Pan-neuronal gene expression is controlled by many parallel-acting transcription factors, 
including terminal selectors. These transcription factors can be different for different 
neuron types (Terminal Selectors, Z, W) or the shared among different neuron types (X, 
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Figure 51. Mutagenesis of Terminal Selector motifs in neuron type specific gene 
fosmid reporters abolishes expression in the respective neuron types. 
A. cho-1/ChT (choline transporter) fosmid reporter expression in the cholinergic VNC 
MN and the head interneuron AIY is controlled by the terminal selector unc-3 (Kratsios, 
Stolfi et al. 2011) and ttx-3 (Altun-Gultekin, Andachi et al. 2001). Mutagenesis of the 
AIY motif (replacement by FRT) and of the COE motif in the nuclear cho-1fosmid::yfp-
H2B reporter abolishes expression in AIY and VNC MNs respectively. Mutagenesis in a 
fosmid reporter construct requires a fosmid recombineering step, which leaves behind a 
FRT scar (Tursun, Cochella et al. 2009). A control cho-1fosmid reporter containing only 
the FRT scar, without the mutations in the COE and AIY motif, drives expression in AIY 
and VNC MNs in the same as in the not mutated cho-1fosmid reporter. 






























































































B. gcy-5 expression in the ASER neuron depends on the ASE terminal selector che-1 
(Uchida, Nakano et al. 2003). Mutagenesis of the ASE motif (replacement by FRT*) of 
the gcy-5fosmid reporter, abolishes expression in ASER. 
C. eat-4 expression in the Touch Receptor Neurons (TRN) depends on the terminal 
selector unc-86 (Serrano-Saiz, Poole et al. 2013) . Mutagenesis of the POU 
homeodomain motif (replacement by FRT) of the eat-4fosmid reporter abolishes 
expression in the TRNs. 
 
2.4 MATERIALS AND METHODS 
2.4.1 Strains and Transgenes  
Wild type is strain N2, C. elegans variety Bristol.  Strains were maintained by 
standard methods (Brenner 1974). Mutant alleles [strain name] used in this study: unc-3 
(e151) [CB151], unc-30 (e191) [CB845], lin-39 (n1760) [MT4009], mab-5 (e1239) 
[CB3531], lin-39 (n1760) mab-5 (e1239) [MT7419], ceh-13 (sw1) [FR431], egl-5 (n945) 
[MT1975], unc-10 (md1117) [NM1657], ehs-1 (ok146) [NM1568], mec-3 (e1338) 
[DR1367], unc-86 (n846) [MT1859], unc-86 (u5), pha-1 (e2123) [GE24], ttx-3 (ot22) 
[OH161], lim-4 (ky403) [CX3937], ceh-36 (ky640) [CX5922], pag-3 (Is20) [EA81], ceh-
14 (ch3) [TB528], che-1 (ot75) [OH13098], ceh-20 (ok541) [VC447], unc-42 (e270) 
[CB270], fax-1 (gm83) [NG83], spr-1 (gk734) [VC1608], spr-1 (ok2144) [VC1815], spr-
3 (by108) [LA59], spr-3 (ok2525) [RB1930], spr-4 (by105) [LA95].  
The following transgenes were used for neuronal ID: otIs388 [eat-
4FOSMID::SL2::NLS-YFP-H2B], otIs534 [cho-1FOSMID::SL2::NLS-YFP-H2B (this study)], 
oxIs12 [unc-47::gfp], oyIs44 [odr-1::rfp], evIs82b [unc-129::gfp], wdIs3 [del-1::gfp], 
syIs80 [lin-11::gfp].  
A list of all transgenic strains generated in this study is provided in Table 3. 
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2.4.2 Generation of Reporter Transgenes 
Generation of transgenic lines made for this study was done by microinjection. 
All fosmid reporter constructs were generated using λ-Red-mediated recombineering in 
bacteria as previously described (Tursun, Cochella et al. 2009).  To generate an snn-1 
fosmid reporter, a fosmid extension protocol was used (as previously described(Tursun, 
Cochella et al. 2009)). Fosmid WRM0629aH04 containing pan-neuronal gene snn-1 was 
extended by 3306 bp to include the first exon of snn-1 and 2748 bp of genomic sequence 
just upstream of the ATG of snn-1 (covering the entire upstream intergenic region, shown 
as a red line in Figure 3). 
For all fosmid reporters, an SL2 spliced, nuclearly localized YFP::H2B sequence 
was engineered right after the stop codon of the respective locus. Deletions of the 
terminal selector binding sites for the cho-1, gcy-5 and eat-4 fosmids were done by 
replacement of the binding site by FRT or FRT* depending on which pBALU was used 
for reporter tagging. For the mutagenesis of COE motif in the cho-1 fosmid an FRT scar 
was placed 23 base pairs upstream of the mutated COE motif. A control cho-1 fosmid 
containing the FRT in the same place but the wild type COE motif was also made. 
Deletions 1 and 2 in the ric-4 fosmid reporter (Figure 39) were done by replacement of 
the corresponding fosmid sequence by Lox2272 and FRT respectively. Deletion of the 
HOX/EXD binding site was done by replacement with LoxN. Deletions of prom28, 
prom17 and prom1+prom9 in the snb-1 fosmid reporter (Figure 42) were done by 
replacement of the corresponding fosmid sequence by FRT, Lox2272 and FRT 
respectively. The fosmid clones, primer sequences for tagging and mutagenesis and the 
sequences of the recombineering cassettes made and used in this study are provided in 
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Table 4. All fosmid constructs were linearized using SdaI or NotI and injected as 
complex extrachromosomal arrays in a pha-1 (e2123) mutant background strain 
(Granato, Schnabel et al. 1994) in the following concentrations: linearized fosmid 
construct 15 ng/µL, linearized pha-1 rescuing plasmid pBX 2.5 ng/µL, sonicated OP50 
bacterial genomic DNA 100 ng/µL (apart from shn-1 fosmid that was injected in N2 
background using as co-injection marker linearized pRF4 (rol-6) at 2.5ng/µL instead of 
pha-1 rescuing plasmid pBX). Integrated fosmid reporters ric-4Fosmid::SL2::NLS-YFP-
H2B transgenes (otIs350, otIs352, otIs353, otIs354), and integrated cho-
1Fosmid::SL2::NLS-YFP-H2B transgenes (otIs532 - otIs538), were generated by gamma 
irradiation and outcrossed four to six times. 
All reporter gene fusions for cis-regulatory analysis (except rab-3prom1 
transcriptional reporter) were generated using a PCR fusion approach (Hobert 2002). 
Genomic fragments were fused to a nuclearly localized 2xNLS-TagRFP coding 
sequence, which was followed by the unc-54 3′ untranslated region. PCR fusion DNA 
fragments were injected as simple extrachromosomal arrays in a pha-1(e2123) mutant 
background strain in the following concentrations: cis- regulatory element (“prom”) 
construct 50ng/µL, pha-1 rescuing plasmid pBX 50ng/µL. 
The rab-3prom1 reporter (Figure 5) was cloned adding PstI and BamHI 
restriction sites to primers F 5’GCGAGTTTTGACTGGCTTTC 3’ and R 
5’CTGAAAATAGGGCTACTG 3’ and cloned into pPD95.67 vector containing 2xNLS-
yfp and the unc-54 3’UTR. 
For those cis-element where changes in the sequence were introduced, the PCR-
fusion consisting of the cis-element and the fluorescent reporter where first cloned into 
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TA cloning vectors (INVITROGEN) and sequenced. Mutagenesis was performed using 
the QuikChange II XL Site-Directed Mutagenesis Kit (Stratagene). The new "PCR-
fusion” was amplified from the mutagenized plasmid and the amplicon injected in worms 
as described above for all other fusions. 
Integrated constructs rab-3prom1::2xNLS-YFP (otIs287 [IV], otIs291 [V]), rab-
3prom1::2xNLS::TagRFP (otIs355 [IV], otIs356 [V]), ric-4prom4::2xNLS::GFP 
(otIs489 [X], otIs490 [IV]), ric-4prom17::2xNLS::GFP (otIs414, otIs420-otIs424), snb-
1prom17::2xNLS::GFP (otIs419), ric-19prom6 (otIs380, otIs381 [V]), and ehs-
1prom4::2xNLS::GFP (otIs501) were generated by gamma irradiation and outcrossed 
four to eight times. 
2.4.3 Single molecule fluorescence in situ hybridization 
Single-molecule (sm) FISH was done as previously described(Ji and van 
Oudenaarden 2012). Samples were incubated over night at 37oC during the hybridization 
step. All sets of probes were designed by using the Stellaris RNA FISH probe designer 
and were obtained, already conjugated and purified, from Biosearch Technologies. The 
ric-4, unc-64, ehs-1, rab-3, snb-1, ric-19 and snt-1 probes were conjugated to Quasar 670 
and the unc-10 probes were conjugated to CAL Fluor Red 610. 
2.4.4 Stress conditions. 
 Heat shock. For the 37oC heat shock, worms were treated in the following 
conditions for 3 recurrent circles: incubation at 37oC for 1 hour followed by incubation at 
25oC for 1 hour. For the 32oC heat shock, worms were incubated at this temperature for 5 
hours. 
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 Ethanol treatment. Worms were incubated in a 7% Ethanol in M9 solution, 
nutating for 30 minutes in room temperature. 
 Oxidative stress. Worms were treated for up to 8 hours in a 5mM H2O2 solution 
as previously described (Ren, Li et al. 2013). 
 γ- irradiation. Worms were treated with γ- irradiation at 15000 rad. 
In all cases worms were observed several different time windows after treatment (right 
after treatment, after 12 hours after 24hours). 
2.4.5 Microscopy 
Worms were mounted on 5% agar pads on glass slides and images were taken 
using a Zeiss Axioplan2 microscope equipped with Nomarksi optics and a short arc 
mercury lamp for fluorophore excitation. Image acquisition and analysis was done using 
the MicroManager software (version 1.4)(Edelstein, Amodaj et al. 2010). 
2.4.6  Tables with additional information 




Strain name Transgene name Construct Coordinates (in 
relation to the 
ATG) 
OH12070 otEx5450  unc-64prom1 -4295 -5526 
OH12300 otEx5565  unc-64prom2 -3346  -2635 
OH10500 otEx4648  unc-64prom3 -1796 -2761 
OH10500 otEx4647  unc-64prom4 1039 -1795 
OH10807 otEx4851  unc-64prom5 -1795   -1414 
OH10806 otEx4850  unc-64prom6 -1413   -1039 
OH10499 otEx4646  unc-64prom7 -1 -1038 
OH10502 otEx4649  unc-64prom8 +154 +1198 
OH12072 otEx5452  unc-64prom9 +737 +1198 
OH12071 otEx5451  unc-64prom10 +4420 +5234 
OH12080 otEx5460  nsf-1prom1 -1 -1145 
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OH12081 otEx5461  nsf-1prom2 +246 +1919 
OH11557 otEx5246  ric-4prom1  –3774 –4958 
OH11556 otEx5244  ric-4prom2  –2768 –3773 
OH11557 otEx5246  ric-4prom3 –1724 –2740 
OH11555 otEx5244  ric-4prom4 –1075 –1727 
OH10505 otEx4652  ric-4prom5 –1 –1095 
OH11427 otEx5178  ric-4prom6 –1 –1727 
OH12074 otEx5454  ric-4prom7 –3449 –3773 
OH12075 otEx5455  ric-4prom8 –3009 –3448 
OH12076 otEx5456  ric-4prom9 –2748 –3008 
OH12077 otEx5457  ric-4prom10 –4558 –4958 
OH12078 otEx5458  ric-4prom11 –4187 –4535 
OH12079 otEx5459  ric-4prom12 –3774 –4186 
OH13189 otEx6082  ric-4prom13 –1075 –1538 
OH13190 otEx6083  ric-4prom14 –1 –601 
OH11424 otEx5177  ric-4prom15 –634 –1095 
OH13191 otEx6084  ric-4prom16 –634 –939 
OH11418 otEx5176  ric-4prom17 –948 –1095 
OH12073 otEx5453  ric-4prom18 –996 –1095 
OH13193 otEx6086  ric-4prom19 –948 –1063 
OH13192 otEx6085  ric-4prom20 –948 –1727 
OH11558 otEx5247  ric-4prom21 +73  +1083 
OH12363 otEx5585  ric-4prom22 +690 +2278 
OH11559 otEx5248  ric-4prom23 +2259 +3263 
OH11560 otEx5249  ric-4prom24 +3267 +4309 
OH11561 otEx5250  ric-4prom25 +4310 +5317 
OH11562 otEx5251  ric-4prom26 +5362 +6592 
OH10506 otEx4653  ric-4prom27 +6594 +7621 
OH11433 otEx5182  snb-1prom1 –2995 –5658 
OH10518 otEx4665  snb-1prom2 –2129 –3007 
OH10517 otEx4664  snb-1prom3 –1106 –2129 
OH10515 otEx4662  snb-1prom4 –1 –1094 
OH10519 otEx4666  snb-1prom5 –2131 –2444 
OH13194 otEx6087  snb-1prom6 –2013 –2444 
OH11434 otEx5183  snb-1prom7 –1906 –2444 
OH10809 otEx4853  snb-1prom8 –2444 –3007 
OH10813 otEx4857  snb-1prom9 –2667 –3007 
OH10812 otEx4856  snb-1prom10 –2444 –2666 
OH12086 otEx5466  snb-1prom11 –2557 –2666 
OH10488 otEx4635  snb-1prom12 –1 –472 
OH10521 otEx4668  snb-1prom13 –473 –1094 
OH10522 otEx4669  snb-1prom14 –1 –173 
OH10523 otEx4670  snb-1prom15 –174 –472 
OH10525 otEx4672  snb-1prom16 –174 –342 
OH10524 otEx4671  snb-1prom17 –343 –472 
OH10811 otEx4855  snb-1prom18 –343 –446 
OH10526 otEx4673  snb-1prom19 –362 –472 
OH10810 otEx4854  snb-1prom20 3x (–343 –361) 
OH11563 otEx5252  snb-1prom21 29bp deletion (–
343 –472) 
OH11567 otEx5256  snb-1prom22 –343 –472 see Fig 
2C 
OH11568 otEx5257  snb-1prom23 –343 –472 see Fig 
2C 
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OH11569 otEx5258  snb-1prom24 –343 –472 see Fig 
2C 
OH11570 otEx5259  snb-1prom25 –343 –472 see Fig 
2C 
OH11571 otEx5260  snb-1prom26 –343 –472 see Fig 
2C 
OH11572 otEx5261  snb-1prom27 –343 –472 see Fig 
2C 
OH12088 otEx5468  snb-1prom28 –378 –406 
OH12089 otEx5469  snb-1prom29 3x(–378, –406) 
OH11564 otEx5253  snb-1prom30 –174 –472 
OH11565 otEx5254  snb-1prom31 –1 –1094 
OH10482 otEx4629  unc-10prom1 –4196 –5852 
OH10483 otEx4630  unc-10prom2 –2743 –4200 
OH13195 otEx6088  unc-10prom3 –1637 –2745 
OH13196 otEx6089  unc-10prom4 –662 –1638 
OH10480 otEx4627  unc-10prom5 –1 –1033 
OH12299 otEx5564  unc-10prom6 –1287 –1638 
OH10481 otEx4628  unc-10prom7 –1034 –1286 
OH10801 otEx4845  unc-10prom8 –4955 –5852 
OH10802 otEx4846  unc-10prom9 –4196 –4931 
OH10803 otEx4847  unc-10prom10 –4565 –4931 
OH10804 otEx4848  unc-10prom11 –4196 -4564 
OH10484 otEx4631  unc-11prom1 –1 –2173 
OH10485 otEx4632  unc-11prom2 –1068, –2173 
OH10487 otEx4634  unc-11prom3 –1, –1067 
OH10486 otEx4633  unc-11prom4 –1, –1057 
OH10489 otEx4636  unc-11prom5 –377 –1067 
OH10488 otEx4635  unc-11prom6 –1 –376 
OH10491 otEx4638  unc-11prom7 –377 –774 
OH10490 otEx4637  unc-11prom8 –775 –1067 
OH11442 otEx5190  unc-11prom9 del 1 –775 –1017 
OH11443 otEx5191  unc-11prom10 del 2 deletion from 
–1017 to –997 
OH11444 otEx5192  unc-11prom11 del 3 deletion from 
–996 to –947 
OH11445 otEx5193  unc-11prom12 del 4 deletion from 
–946 to –897 
OH11446 otEx5194  unc-11prom13 del 5 deletion from 
– 896 to –847 
OH11447 otEx5195  unc-11prom14 del 6 deletion from 
–846 to –797 
OH11448 otEx5196  unc-11prom15 del 7 –1067 –775 
OH10534 otEx4680  unc-11prom16 +1512 +2600 
OH10507 otEx4654  snn-1prom1 –1 –1102 
OH13197 otEx6090  snn-1prom2 –1 –413 
OH13198 otEx6091  snn-1prom3 –1 –231 
OH10508 otEx4655  snn-1prom4 +5582 +6603 
OH13199 otEx6092  unc-104prom1 –4206 –2809 
OH13200 otEx6093  unc-104prom2 –2807 –1902 
OH10808 otEx4852  unc-104prom3 –1984 –884 
OH10503 otEx4650  unc-104prom4 –1084 –1 
OH12360 otEx5582  unc-104prom5 +1260 +2860 
OH12362 otEx5584   unc-104prom6 +4627 –5766 
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OH10498 otEx4645  unc-31prom1 –3248 –2222 
OH10497 otEx4644  unc-31prom2 –2221 –1133 
OH10495 otEx4642  unc-31prom3 –1132 –130 
OH10805 otEx4849  unc-31prom4 –2221 –1812 
OH10496 otEx4643  unc-31prom5 –3248 –130 
OH12364 otEx5586  unc-31prom6 +5570 +7080 
OH13201 otEx6094  egl-3prom1 –1 –1046 
OH13202 otEx6095  egl-21prom1 –1 –1022 
OH13203 otEx6096  maco-1prom1 –1014 –2034 
OH10817 otEx4858  maco-1prom2 –1 –1015 
OH12301 otEx5566  maco-1prom3 –424 –1015 
OH12302 otEx5567  maco-1prom4 –1 –423 
OH10509 otEx4656  shn-1prom1 –1 –1037 
OH10510 otEx4657  tbb-1prom1 –1 –1098 
OH13204 otEx6097  tbb-1prom2 –1 –447 
OH13205 otEx6098  tbb-2prom1 –1179 –2513 
OH10511 otEx4658  tbb-2prom2 –1 –1110 
OH13206 otEx6099  tbb-4prom1 –1 –1165 
OH10512 otEx4659  tbb-5prom1 –1 –1042 
OH10513 otEx4660  tbb-6prom1 –1060 –1 
OH13603 otEx6315 unc-108prom1 –973 –2006 
OH12908 otEx5944  unc-108prom2 –2 –964 
OH13225 otEx6118  unc-18prom1 –1 –1119 
OH13224 otEx6117  unc-57prom1 –1 –1096 
OH13226 otEx6119  syd-2prom1 –1 –1016 
OH13227 otEx6120  syd-2prom2 –1 –537 
OH13259 otEx6145  rab-3prom2 +2 –917 
OH12919 otEx5955  rab-3prom3 +1585 +42 
OH12916 otEx5952  rab-3prom4 +2921 +1566 
OH13262 otEx6148  rab-3prom5 +2921 +2188 
OH13265 otEx6151  rab-3prom6 +2380 +2167 
OH13268 otEx6154  rab-3prom7 +2921 +2559 
OH13271 otEx6157  ehs-1prom2 –837 –1 
OH13274 otEx6160  ehs-1prom4 –271 –332 
OH13277 otEx6163  ric-19prom1 –1 –608 
OH13283  otEx6169  ric-19prom2 –315 –608 
OH13280 otEx6166  ric-19prom3 –1 –336 
OH13284 otEx6170  ric-19prom5 –231 –378 
OH13287 otEx6173  ric-19prom6 –1 –147 
OH13331 otEx6216  ric-19prom7 +264 +794 
OH13332 otEx6217  ric-19prom8 +1422 +2159 
OH13294 otEx6180  ric-19prom6del1 -147 to -143  
AAAAA 
OH13295 otEx6181  ric-19prom6del2 -142 to -138  
AAAAA 
OH13296 otEx6182  ric-19prom6del3 -137 to -133  
AAAAA 
OH13297 otEx6183  ric-19prom6del4 -132 to -128  
AAAAA 
OH13298 otEx6184  ric-19prom6del5 -127 to -123  
AAAAA 
OH13299 otEx6185  ric-19prom6del6 -122 to -118  
AAAAA 
OH13300 otEx6186  ric-19prom6del7 -117 to -113  
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AAAAA 
OH13301 otEx6187  ric-19prom6del8 -112 to -108  
AAAAA 
OH13302 otEx6188  ric-19prom6del9 -107 to -103  
AAAAA 
OH13303 otEx6189  ric-19prom6del10 -102 to -98  AAAAA 
OH13304 otEx6190  ric-19prom6del11 -97 to -93  AAAAA 
OH13305 otEx6191  ric-19prom6del12 -92 to -88  AAAAA 
OH13306 otEx6192  ric-19prom6del13 -87 to -83  AAAAA 
OH13307 otEx6193  ric-19prom6del14 -82 to -78  AAAAA 
OH13308 otEx6194  ric-19prom6del15 -77 to -73  AAAAA 
OH13309 otEx6195  ric-19prom6del16 -72 to -68  AAAAA 
OH13310 otEx6196  ric-19prom6del17 -67 to -63  AAAAA 
OH13311 otEx6197  ric-19prom6del18 -62 to -58  AAAAA 
OH13312 otEx6198  ric-19prom6del19 -57 to -53  AAAAA 
OH13313 otEx6199  ric-19prom6del20 -52 to -48  AAAAA 
OH13314 otEx6200  ric-19prom6del21 -47 to -43  AAAAA 
OH13315 otEx6201  ric-19prom6del22 -42 to -38  AAAAA 
OH13316 otEx6202  ric-19prom6del23 -37 to -33  AAAAA 
OH13317 otEx6203  ric-19prom6del24 -32 to -28  AAAAA 
OH13318 otEx6204  ric-19prom6del25 -27 to -23  AAAAA 
OH13319 otEx6205  ric-19prom6del26 -22 to -18  AAAAA 
OH13320 otEx6206  ric-19prom6del27 -17 to -13  AAAAA 
OH13321 otEx6207  ric-19prom6del28 -12 to -8  AAAAA 
OH13322 otEx6208  ric-19prom6del29 -7 to -3  AAAAA 
OH13325 otEx6211  ric-19prom6del6+del7  
OH12909 otEx5945  snt-1prom1 –3720 –2687 
OH12901 otEx5937  snt-1prom2 –2710 –1834 
OH12896 otEx5932  snt-1prom3 –772 –100 
OH12911 otEx5947  snt-1prom4 +111 +904 
OH12922 otEx5958  snt-1prom5 +1019 +2113 
OH13247 otEx6133  rgef-1prom1 –1 –1264 
OH13250 otEx6136  rgef-1prom2 –1 –583 
OH13253 otEx6139  rgef-1prom3 –230 –466 
OH13256 otEx6142  sng-1prom1 –1 –1076 
OH12939 otEx5974  sng-1prom2 –1 –548 
    
PROMOTER CONSTRUCTS CARRYING MUTAGENIZED BINDING MOTIFS 
Strain name Transgene name Construct  
OH12082 otEx5462 ric-4 prom4 COEmut  
OH12083 otEx5463 ric-4prom4 UNC30mut  
OH11429 otEx5180 ric-4prom4 COE+UNC30mut  
OH13208 otEx6101 ric-4prom26 ASE1mut  
OH13209 otEx6102 ric-4prom26 ASE2mut  
OH13210 otEx6103 ric-4prom26 ASE1+2mut  
OH13212 otEx6105 ric-4prom17 HOXmutA  
OH13214 otEx6107 ric-4prom17 HOXmutB  
OH13215 otEx6108 ric-4prom17 HOXmutC  
OH11441 otEx5189 snb-1prom7 COEmut  
OH13211 otEx6104 snb-1prom11 UNC30mut  
OH13216 otEx6109 snb-1prom17 HOX1mut  
OH13217 otEx6110 snb-1prom17 HOX2mut  
OH13218 otEx6111 snb-1prom17 HOX3mut  
OH13219 otEx6112 snb-1prom17 HOX1+2mut  
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OH13220 otEx6113 snb-1prom17 HOX1+2+3mut  
    
FOSMID REPORTERS   
Strain name Transgene name  Construct  
OH10251 otEx4556    ric-4fosmid A  
OH11575 otEx5264    ric-4fosmid B  
OH11576 otEx5265    ric-4fosmid C  
OH10246 otEx4551    unc-10fosmid isoform a   
OH10245 otEx4550    unc-10fosmid isoform b   
OH10247 otEx4552    unc-11fosmid  
OH11411 otEx5174    unc-31fosmid  
OH10249 otEx4553    unc-64fosmid isoform a  
OH10248 otEx4553    unc-64fosmid isoform b  
OH10250 otEx4555    unc-104fosmid  
OH10253 otEx4558    snb-1fosmid  
OH10535 otEx4681    snn-1fosmid  
OH10243 otEx4548    tbb-1fosmid  
OH10244 otEx4549 tbb-5fosmid  
OH11410 otEx5173    nsf-1fosmid  
OH11412 otEx5175    maco-1fosmid  
OH10252 otEx4557  shn-1fosmid (co-injected 
with linearized pRF4 (rol-6) 
marker) 
 
OH12883 otEx5920   rab-3fosmid  
OH13237 otEx6123   sng-1fosmid  
OH12888 otEx5924  snt-1fosmid  
OH13239 otEx6125   ehs-1fosmid isoform a   
OH13238 otEx6124   ehs-1fosmid isoform b  
OH12849 otEx5886   unc-57fosmid  
OH12889 otEx5925 unc-18fosmid isoform a  
OH12884 otEx5921   syd-2fosmid  
OH12857 otEx5894   egl-3fosmid  
OH12860 otEx5897   egl-21fosmid  
OH13290 otEx6176  ric-19fosmid  
OH13207 otEx6100    unc-108fosmid  
OH12867 otEx5904 rgef-1fosmid  
OH12863 otEx5900    tbb-4fosmid  
    
FOSMID REPORTERS CARRYING MUTAGENIZED SEQUENCES 
Strain name Transgene name Construct  
OH13172 otEx6066 cho-1fosmid COEmut  
OH13221 otEx6114 cho-1fosmid COEmut control  
OH13222 otEx6115 cho-1fosmid TTX3mut  
OH13241 otEx6127 eat-4fosmid UNC86mut  
OH12872 otEx5909 gcy-5fosmid ASEmut  
OH13223 otEx6116 ric-4fosmid del1+2   
    
INTEGRATED TRANSGENES 
 




OH10684 otIs350 ric-4fosmid A :: pBALU23  pha-1 
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OH10686 otIs352 ric-4fosmid A :: pBALU23  pha-1 
OH10687 otIs353 ric-4fosmid A :: pBALU23 pha-1 
OH10688 otIs354 ric-4fosmid A :: pBALU23 pha-1 
OH12541 otIs532 cho-1fosmid :: pBALU23 – 
OH12542 otIs533 cho-1fosmid :: pBALU23 – 
OH12543 otIs534 cho-1fosmid :: pBALU23 – 
OH12544 otIs535 cho-1fosmid :: pBALU23 – (X) 
OH12545 otIs536 cho-1fosmid :: pBALU23 – (X) 
OH12546 otIs537 cho-1fosmid :: pBALU23 – 
OH12547 otIs538 cho-1fosmid :: pBALU23 – 
OH11344 otIs414 ric-4prom17 :: NLS::GFP pha-1, elt-
2::DsRed2 
OH11417 otIs420 ric-4prom17 :: NLS::GFP pha-1, elt-
2::DsRed2 
OH11419 otIs421 ric-4prom17 :: NLS::GFP pha-1, elt-
2::DsRed2 
OH11420 otIs422 ric-4prom17 :: NLS::GFP pha-1, ttx-
3::mCherry 
OH11421 otIs423 ric-4prom17 :: NLS::GFP pha-1, ttx-
3::mCherry (X) 
OH11422 otIs424 ric-4prom17 :: NLS::GFP pha-1, ttx-
3::mCherry 
OH11416 otIs419 snb-1prom17 :: NLS::GFP pha-1, elt-
2::DsRed2 
OH12313 otIs489 ric-4prom4 :: NLS::GFP elt-2::DsRed2 (X) 
OH12314 otIs490 ric-4prom4 :: NLS::GFP elt-2::DsRed2 (IV) 
OH9545 otIs287 rab-3prom1 :: NLS::YFP rol-6 (IV) 
OH9609 otIs291 rab-3prom1 :: NLS::YFP rol-6 (V) 
OH10689 otIs355 rab-3prom1 :: NLS::TagRFP – (IV) 
OH10690 otIs356 rab-3prom1 :: NLS::TagRFP – (V) 
OH11061 otIs380 ric-19prom6 :: NLS::GFP elt-2::DsRed2 
OH11062 otIs381 ric-19prom6 :: NLS::GFP elt-2::DsRed2 (V) 
OH12410 otIs501 ehs-1prom4 :: NLS::GFP rps-5::Dsred2 
OH13604 otIs618 Unc-11prom8 :: 
NLS::TagRFP 
– (X) 





Table 4. Fosmid Reporters. 
 Fosmid reporters were generated using the recombineering cassettes pBALU23 and 
pBALUNI that we created for the purposes of this study. The following table contains 
information of the fosmid clones and primers used to create each fosmid reporter. 
Sequences of the recombineering cassettes are provided below (pBALU23 was used for 
all fosmid reporters except for fosmid reporters ric-4 B and ric-4 C marked with (*), 
where pBALUNI was used instead to tag the different ric-4 isoforms in the N’ terminus). 
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CHAPTER 3 
 
DISCUSSION, CONCLUSIONS AND FUTURE DIRECTIONS 
	  
Cell fate decisions in the vertebrate nervous system are particularly complex as the 
nervous system is composed of a remarkably heterogeneous assemblage of cell types. In 
C. elegans the nervous system of the adult hermaphrodite worm consists of only 302 
neurons. This number is very small in comparison to the billions of neurons of the human 
nervous system. Even if it is small, the C. elegans nervous system is very diverse, since 
these 302 neurons belong to 118 different neurons classes. Many recent studies have 
focused on how different C. elegans neuron types are specified. Neuron type specific 
gene expression is controlled by master regulatory transcription factors, called terminal 
selectors. Terminal selectors co-regulate the expression of neuron type specific genes by 
directly binding to specific motifs present in the cis-regulatory regions of these genes. 
However, in all these studies, Terminal Selectors did not affect the expression of genes 
that encode general neuronal characteristics and that are shared among all neurons, for 
example genes involved in synaptic vesicle biology, or the neuronal specialized 
cytoskeleton. There was an absolute lack of knowledge about the regulatory programs 
that govern expression of these so called pan-neuronal genes. In this work, I have 
explored and revealed a common regulatory logic of pan-neuronal gene expression. First, 
making use of nuclear localized, fosmid based reporter constructs I defined a set of pan-
neuronal genes expressed in the entire nervous system of C. elegans. This is the first time 
that expression of pan-neuronal genes is studied in such detail, which allows us to 
conclude that pan-neuronal genes are indeed expressed in all neurons. Then, through 
extensive cis-regulatory analysis, I demonstrate that these genes are regulated in a 
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modular redundant manner. This means that there are no global activators of pan-
neuronal genes in the entire nervous system. Instead, pan-neuronal gene expression is 
achieved as a combination of gene activation through multiple transcription factors that 
drive expression in largely overlapping subsets of neurons. Finally I have identified 
Terminal Selectors and HOX genes as some of the redundantly acting trans-acting factors 
that regulate pan-neuronal gene expression. 
  An implication of the conclusions of this work is that the regulatory programs 
controlling neuron-type specific genes and pan-neuronal genes are fundamentally 
different. The former are controlled by discrete, non-redundantly acting cis-regulatory 
elements controlled by terminal selectors, while the latter are controlled by a combination 
of several distinct factors, only one of them being terminal selectors. 
 In the following paragraphs, I will discuss some interesting concepts and 
questions that arise from this study and that can be more exhaustively investigated in the 
future. I will also suggest potential directions for the continuation of this study and 
present some preliminary data towards these directions.  
  
3.1 What defines a neuron?  
As I mentioned earlier, neurons share a panel of common features that also 
distinguish them from other cell-types. These features are the dendrites, the axons and the 
synapses. Accordingly, all neurons share the expression of a battery of pan-neuronal 
genes that underlie molecularly these common features. Somewhat counter-intuitively, 
however, I have found that the expression of these genes is not restricted to the nervous 
system. Many pan-neuronal genes are expressed in some non-neuronal cells of secretory 
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nature (glands, neurosecretory cells), some are expressed in many other cell types 
(epithelial, muscle) and there are also some that are expressed ubiquitously. This non-
neuronal expression of pan-neuronal genes is not completely unexpected. Some of the 
pan-neuronal genes in our study have general exocytotic functions (e.g. all the synaptic 
vesicle cycle associated genes) and it is only reasonable to think that other cell types need 
to use these genes for similar purposes. However, the two facts that render neurons 
different from the other cell types in regards to the expression of pan-neuronal genes are: 
first, only neurons express the combination of all these genes; second, pan-neuronal gene 
expression in the nervous system shows higher levels as compared to expression outside 
of the nervous system. Therefore pan-neuronal genes are not exclusively expressed in 
neurons, but only neurons show expression of all pan-neuronal genes in high levels.  
The non-neuronal expression of pan-neuronal genes can also be explained from 
an evolutionary perspective. Recent studies have shown that many of the genes in our 
study (e.g. ric-4, snb-1, unc-64) are present very early during evolution even in 
unicellular organisms (Putnam, Srivastava et al. 2007, Sakarya, Armstrong et al. 2007, 
Kosik 2009, Ryan and Grant 2009). With the advent of multicellularity, the expression of 
these genes was initially maintained in all different cells. Later, upon specialization of 
cells into neuronal versus non-neuronal cell fates these genes probably became more 
restricted in neurons, however obviously not completely lost from non-neuronal cells 
(e.g. secretory tissues share expression of many pan-neuronal genes; after all every 
neuron is secretory in nature (Fujita, Kanno et al. 1988)).  
 Nevertheless, the possibility that post-transcriptional regulatory mechanisms 
could restrict pan-neuronal gene expression in the nervous system cannot be excluded. 
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Since the main purpose of this study was to investigate the transcriptional regulation of 
pan-neuronal genes, this hypothesis was not pursued exhaustively. There is though a line 
of evidence that could support such a scenario: several previous studies demonstrate that 
antibodies against pan-neuronal genes show staining only in the nervous system. The 
most extreme example is the pan-neuronal gene snb-1. Antibody staining shows 
expression only in the nervous system (Nonet, Saifee et al. 1998). However both my 
transcriptional snb-1 fosmid reporter (Figure 1A) and fluorescence in situ hybridization 
of endogenous snb-1 transcripts (Chapter 2: Figure 11B) reveal expression in all tissues. 
To investigate further towards this direction I made a translational snb-1 fosmid reporter 
that in additional support to the antibody staining, shows expression only in the nervous 
system (Figure 1C). As discussed in the previous chapter, the antibody and protein 
fusion reporter expression patterns could simply be explained because SNB-1 protein 
may localize much more diffusely in non-neuronal cells thereby given a false impression 
of nervous system restriction. Alternatively, a post-transcriptional mechanism might 
restrict snb-1 in the nervous system.  
Could there be a non-neuronal miRNA that downregulates expression of snb-1 
(and other pan-neuronal genes in general) outside the nervous system resulting in 
neuronal restriction of pan-neuronal genes? The transcriptional snb-1 fosmid reporter 
contains the endogenous 3’UTR and therefore this reporter should have revealed 
potential regulation by miRNAs. Additionally in an experiment where I swapped the 
endogenous snb-1 3’UTR of a translational snb-1 reporter with the 3’UTR of the gene 
unc-54 (a 3’UTR that is not regulated by miRNAs,	  ensures efficient processing of 
transcripts and allows expression in all cell types) I did not observe expression of SNB-1 
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in other tissues (Figure 1D). I performed smFISH for the GFP tag of snb-1 translational 
fosmid reporter and found that GFP transcripts were ubiquitously detected, whereas 
SNB-1::GFP of the same reporter is detected only in the nervous system. However based 
on the number of gfp transcripts, it seems that snb-1 expression is higher in the nervous 
system than in non-neuronal cells (Figure 2).  
All these data suggest that if a mechanism that restricts pan-neuronal gene 
expression in the nervous system exists then this mechanism should act on the 
translational or pos-translational level. Post-translational regulation usually takes place in 
the ER or cytoplasm. I therefore reasoned that the next step would be to test whether 
SNB-1 protein can be produced in non-neuronal cells. If I could a make a nuclear 
localized version of SNB-1, it would be protected from potential protein modification 
processes, and I should therefore be able to detect expression in the nuclei of all cells. 
SNB-1 is a synaptic vesicle membrane SNARE protein and that means it contains a 
transmembrane localization signal. Therefore the construction of a nuclear version of 
SNB-1 was challenging, especially because the signal peptide is not characterized. In 
order to solve this problem, I made an N-terminal NLS-GFP-H2B::SNB-1 fusion 
transgene hoping that adding a NLS and a histone tag in front of SNB-1 would be enough 
to “override” the endogenous snb-1 transmembrane signal and send SNB-1 to the nucleus 
instead. While this reporter did not show nuclear localization, GFP was trapped around 
the nucleus instead, expression was now observed in all cells. In addition expression 
levels in the nervous system appeared higher that non-neuronal expression, which is in 
accordance with the smFISH results. These data show that SNB-1 protein can be 
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expressed in non-neuronal cell types. Post-translational modification though might result 
in destabilization of SNB-1 in non-neuronal cells. 
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A and B are transcriptional reporters that show ubiquitous expression of snb-1. C and D 
are protein fusion reporters that show expression only in the nervous system. E is the 
“nuclear” protein fusion reporter that shows SNB-1 can be expressed outside the nervous 
system. Fluorescent pictures of L1 worms for reporters A, C and E are shown in the 
lower panel. The expanded box for E shows the “perinuclear” SNB-1::YFP expression in 
non-neuronal cells. Scale bars are 0.01 mm. 
 
 
Figure 2. smFISH of the gfp transcripts of the translational snb-1 fosmid reporter. 
In situ hybridization for the gfp tag of reporter C in Figure 1 shows expression in non-
neuronal cells (top). Brighter signal is detected in neuronal cells (middle). No signal is 
detected in wild type worms that do not contain any GFP reporter (N2 worms). Scale bars 
are 0.01 mm 
 
 To sum up, the difference seen between the expression pattern of snb-1 mRNA 
and SNB-1 protein is very intriguing: mRNA is detected in all tissues while SNB-1 
protein is only detected in the nervous system. The experiments I have performed are 
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translational modification, restricting expression of SNB-1 in the nervous system. SNB-1 
protein is expressed in low levels in non-neuronal cells and may localize much more 
diffusely, thus giving a false impression of nervous system restriction. Interesting future 
directions would be to make CRISPR knock-in alleles to be able to test expression pattern 
and levels of endogenous snb-1 (the same could be done for more pan-neuronal genes for 
which mRNA shows expression in all cell types while antibody staining shows only 
neuronal expression, e.g. unc-64 and ehs-1). Also, mutational analysis of the SNB-1 
amino acid sequence should be able to produce stabilized versions of SNB-1 and reveal 
potential post-translational mechanisms of regulation.    
 
3.2 Why are pan-neuronal genes controlled in such a complicated, modular 
redundant manner? 
Pan-neuronal genes are expressed in all neurons and therefore are indispensable 
for the proper function of the entire nervous system. It is therefore important to ensure 
robust expression of pan-neuronal genes, and their complicated regulatory architecture 
ensures this requirement. Indeed mutant alleles of most pan-neuronal genes have severely 
impaired nervous system function and can be completely paralyzed (Nonet, Grundahl et 
al. 1993, Nonet, Staunton et al. 1997, Nonet, Saifee et al. 1998, Saifee, Wei et al. 1998, 
Kohn, Duerr et al. 2000, Choi, Richards et al. 2006). If pan-neuronal gene expression was 
controlled by a simple regulatory input (e.g., a master regulator transcription factor) then 
a mutation that would inactivate that transcription factor, or even in a simple point 
mutation in their cis-regulatory regions affecting that factor’s binding motif, would result 
in loss of expression of pan-neuronal genes in all neurons. In contrast, redundant modular 
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control has the advantage of avoiding such a pleiotropic effect (affecting the entire 
nervous system) in the event of a simple mutation.  
How essential are pan-neuronal genes though? Most pan-neuronal genes are not 
essential for viability. In fact only few of them (e.g. snb-1, unc-64, nsf-1, unc-13, unc-
104, unc-108) have lethal phenotypes, and this lethality might be related to the improper 
function of M4 and CAN, the only 2 of the 302 neurons of the C. elegans nervous system 
that have been reported to be essential for the worm’s viability [M4 is a pharyngeal 
motorneuron that is essential for feeding in wild type worms. Worms where the M4 
neuron does not function properly cannot pass food to their intestine and therefore stop 
growing and die. However, they can survive if they are fed on smaller bacteria, like 
Comamonas sp. (Avery and Horvitz 1987, Chiang, Steciuk et al. 2006). The CAN 
(excretory canal associated neurons) neurons are mid-body neurons that function in 
osmoregulation (Forrester and Garriga 1997)].  Also, the lethality of pan-neuronal gene 
mutants might not even be related to their neuronal function, since as I showed before, 
these genes are expressed in many other tissues. So while indispensable for a fully 
functional nervous system, pan-neuronal genes are largely not essential for viability.  
Nevertheless, all these phenotypes have been observed in C. elegans growing in 
laboratory conditions. We cannot exclude the possibility that pan-neuronal genes might 
be essential for viability in the wild. And in nature, having a redundant modular manner 
of transcriptional regulation that guarantees robust expression of pan-neuronal genes 
might make a significant difference.  
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3.3 How can the fundamental difference between the regulatory logic of pan-
neuronal genes and neuron type specific genes be explained? 
Pan-neuronal genes appeared earlier during nervous system evolution as compared to 
neuron type specific genes (Ryan and Grant 2009). As I mentioned before, recent studies 
have shown that even unicellular organisms express genes that constitute the basic 
building blocks of a synapse, including many pan-neuronal genes. Therefore, the plethora 
of regulatory inputs present in the cis-regulatory regions of pan-neuronal genes might just 
be the result of accumulation of binding motifs of all the transcription factors that pan-
neuronal genes have ever been responsive to, in all the different cell types they have been 
expressed in through their evolutionary history. What could be the evolutionary 
advantage to preserve all these distinct cis-regulatory elements? As I mentioned in the 
previous paragraph, the answer to that question could just be the need of pan-neuronal 
genes to be robustly expressed in the nervous system. Having a modular architecture 
avoids pleiotropy. Imagine how many different individual cis-regulatory mutations would 
be required to affect the expression of a pan-neuronal gene in the entire nervous system, 
if one mutation would affect just a subset of neurons. If on top of modularity you add 
redundancy this makes the system more secure. Now, multiple cis-regulatory mutations 
might not even have an effect on pan-neuronal gene expression (Figure 3).  
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Figure 3. Different regulatory architectures. 
A. If a pan-neuronal gene (PN) was controlled by a simple single regulatory input (master 
regulatory element) then a cis-regulatory mutation affecting this element (blue box) 
would cause loss of expression in the entire nervous system (comprised here by six 
neurons for simplicity) resulting in severely impaired neuronal function and potentially 
affecting viability of the worm in the wild. B. In a modular regulatory logic, each cis-
regulatory element drives expression in distinct sub-domains of the nervous system. In 
this case a cis-regulatory mutation in the blue element would cause loss of pan-neuronal 
gene expression only in neurons c and d and thus causing less pleiotropic effects. C. In a 
redundant modular regulatory logic different cis-regulatory elements drive expression in 
overlapping sub-domains of the nervous system. In this case a cis-regulatory mutation in 
the blue element would not affect pan-neuronal gene expression. Mutations in at least 
three cis-regulatory elements would be required to cause loss of pan-neuronal gene 
expression in just one neuron (for example mutations in the red, blue and orange 
regulatory regions would cause loss of pan-neuronal gene expression only in neuron a). 
 
More and more studies point out the importance of cis-regulatory mutations in 
evolution (Jeong, Rebeiz et al. 2008, Frankel, Erezyilmaz et al. 2011, Wittkopp and 
Kalay 2012, Arnoult, Su et al. 2013). While a mutation in the protein coding sequence of 
a gene would alter its function in all the tissues that it is expressed, or would affect all its 
downstream targets and effectors, cis-regulatory mutations affect only specific domains 
NEURONS
a b c d e f
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a b c d e f
PN
B. Modular cis- regulatory logic
C. Redundant Modular cis-regulatory logic
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of a given gene’s expression thereby resulting in less pleiotropic and hence less 
evolutionary unfavorable effects. With their extremely redundant cis-regulatory 
architecture, pan-neuronal genes can potentially maintain their expression and can 
tolerate many mutations in their cis-regulatory regions without this affecting their 
expression.  
  If such a regulatory architecture is evolutionary favorable then why we do not see 
the same architecture in neuron type specific genes? The answer to this question could be 
that there is an advantage that neuron type specific genes remain specific. Therefore they 
remain under the control of simple regulatory inputs (neuron type specific terminal 
selectors or combinations of terminal selectors), without randomly accumulating 
redundant inputs of more broadly expressed transcription factors. Also the “regulon-like” 
organization of neuron type specific gene batteries offers a “substrate” where evolution 
can create new cell types in the nervous system: Due to their position in the regulatory 
network, terminal selectors [Input/Output genes (Davidson and Erwin 2006)] are “hot-
spots” for evolutionary change since just by acquiring changes in their cis-regulatory 
regions they can execute their entire downstream program in a new cellular context 
(Stern and Orgogozo 2009, Hobert 2011). Hence, regulation of neuron type specific 
genes by non-redundant regulatory inputs contributes to their more rapid evolvability and 
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3.4 How have the regulatory regions of pan-neuronal genes evolved in other 
nematode species? 
The genomes of many Caenorhabditis species and other nematode worms have 
been / are being sequenced and made available to the scientific community. Therefore it 
is possible to study the evolution of pan-neuronal gene expression in the nematode 
worms. More specifically one could investigate several interesting questions: how 
conserved are the cis-regulatory regions of pan-neuronal genes among nematode species, 
whether they have the same regulatory architecture as in C. elegans and how pan-
neuronal cis-regulatory regions and neuronal networks in general have evolved. 
How could we study the evolvability of pan-neuronal gene regulatory regions? 
The synteny of cis-regulatory regions of pan-neuronal genes is very well conserved at 
least among four Caenorhabditis species (C. elegans, C. brenneri, C. remanei and C. 
briggsae) (Figure 4) that have traditionally been used in the C. elegans field to test 
conservation in the group. Also many of the cis-regulatory elements I found in this study 
show broad regions of conservation within these four nematode species. One could 
therefore directly test and compare the nervous system expression of these “homologous” 
cis-regulatory regions in different species, and identify potential cis-regulatory 
modifications that have produced differences in expression patterns. However making 
stable transgenics still remains a challenge in these other Caenorhabditis species, because 
these seem to be more efficient in silencing transgenic DNA. In a preliminary attempt to 
test the expression of the C.briggsae “homologs” of ric-4prom17 and snb-1prom17 
transgenes in C. briggsae, I could not obtain stable transgenic lines with fluorescent 
expression (optimization of injection mix concentrations is required to reproducibly yield 
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stable transgenics in other species).  However these C. briggsae regulatory elements 
produced the same expression pattern as their C. elegans “homologous elements” when 
injected in C. elegans worms.  
 
 
Figure 4. Phylogenetic tree of nematode species. 
The first five species belong to the genus Caenorhabditis. C. elegans divergedfrom the 
other species between 18 – 100 mya. Pristionchus pacificus, another nematode belonging 
in the same clade of nematodes, diverged from C. elegans between 280 – 430 mya. 
Evolutionary distances are not to scale. Redrawn and adapted from (Sleumer, Bilenky et 
al. 2009). 
  
In a different nematode species, Pristionchus pacificus, that has been developed 
as a “satellite” species for evolutionary development studies, the synteny of cis-
regulatory regions of pan-neuronal genes does not seem conserved as compared to C. 
elegans (Lee, Eizinger et al. 2003). Also a high quality assembly of its genome is not yet 
available. Nevertheless, generation of transgenic animal is well established (Schlager, 
Wang et al. 2009). In this case, studying the evolvability of pan-neuronal gene regulatory 
regions is more challenging. However, in a preliminary experiment, I tested the 








	   151	  
in P. pacificus. The 1.3kb element more proximal to the 5’ end of the coding sequence 
drove expression in some neurons in the head, some neurons in the tail, and cells of the 
somatic gonad. The 1kb element more distal to the CDS produced more broad neuronal 
expression but still expression was not pan-neuronal (Figure 5). It is evident from this 
example that the theme of modularity is present in this pan-neuronal gene in P. pacificus. 
While for technical reasons I was not able to determine whether there were neurons with 
overlapping expression (redundancy) it seems possible that the very complicated pan-
neuronal gene regulatory architecture might be conserved even in nematode species, 
diverged more than 250 mya. 
While the experiments I have described here are very preliminary, it would be 
interesting to continue this work. This would provide insights to understand how 
regulatory networks within the nervous system evolve.       
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Figure 5. Modular architecture of P. pacificus snb-1 regulatory region. 
P. pacificus snb-1prom1 drives expression in some enurons in the head and tai of the 
worm and also some cells of the somatic gonad (white asterisk). P. pacificus snb-1prom2 
drives expression more broadly in the nervous system of P. pacificus (head, VNC MNs 
midb-body and tail neurons), but still not in a pan-neuronal manner. Scale bars are 0.1 
mm.  
  
3.5 What are the transcription factors that activate pan-neuronal gene expression? 
I have identified Terminal Selectors and HOX genes as some of the redundantly 
acting transcription factors that can activate pan-neuronal gene expression. Previous 
studies had shown that pan-neuronal gene expression was not affected in Terminal 
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regulatory programs that control pan-neuronal gene expression. So, it was initially 
surprising to find that terminal selectors do have an input in pan-neuronal gene 
expression. Now we know that the explanation for this contradictory observation is the 
redundant nature of pan-neuronal regulation. As explained exhaustively in Chapter 2, the 
effect of Terminal Selectors can only be seen in the context of small, isolated cis-
regulatory elements that do not contain redundant information. From the evolutionary 
perspective, and as mentioned in paragraph 3.3, there is an advantage of pan-neuronal 
genes being part of a Terminal Selector “regulon”. By simple modifications of their 
regulatory regions, Terminal Selectors can acquire new regulatory inputs and be 
expressed in new cellular contexts. In this new context they can drive expression of the 
entire downstream battery of genes including not only neuron type specific genes but 
pan-neuronal genes too, in just one step. 
 The second class of transcription factors regulating pan-neuronal gene expression 
I have identified in this study are the HOX genes. More specifically I have found that 
HOX genes can regulate ric-4 expression in the VNC MNs.  The role of HOX genes in 
neuronal cell fate specification has been shown in the spinal cord of vertebrates (Dasen, 
Tice et al. 2005). In this study I have shown for the first time that HOX genes can directly 
activate pan-neuronal gene expression in C. elegans nervous system. 
 An important question still remains unanswered: What are the other transcription 
factors that regulate pan-neuronal gene expression? A combination of sequence analysis, 
candidate gene approach and forward genetic screens have to be used to identify these 
factors. The extremely redundant nature of pan-neuronal gene regulatory regions makes 
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this quest challenging. The following steps could be followed in order for someone to 
successfully identify new transcription factors that control pan-neuronal gene expression: 
 1) First, one needs to have minimal cis-regulatory elements with well defined 
expression patterns. I have seen in this study that there are very small elements about 
150bp (snb-1prom17, ric-19prom6) long that can still drive pan-neuronal gene 
expression. Deletion analysis of these elements showed that even if they are very small, 
they still contain redundant information. Forward genetic screens with such reporters 
would be extremely unlikely to reveal new factors. This has actually been the case for the 
ric-19prom6 element; we have performed manual clonal genetic screens, of about 5000 
haploid genomes, as well as automated (Doitsidou, Flames et al. 2008) screens, but did 
not find the transcription factors regulating the expression of this element. When there is 
a lot of redundancy within a regulatory element, then altered expression of this reporter 
would be achieved only if all the redundantly acting transcription factors (or all the 
binding sites for these factors) are hit by mutations. This is unlikely to happen in an 
unbiased forward genetic screen. Therefore, it is necessary to screen with reporters 
containing single, isolated regulatory inputs and that have well-defined expression 
patterns.  
 2) Once such an element has been identified, it has to be tested for its dependency 
on terminal selector factors or other known transcription factors that control pan-neuronal 
gene expression (and that is why it is important to know the identity of neurons that the 
element drives expression in). For example, a cis-regulatory element that drives 
expression in VNC MNs has to be tested for its dependency on the terminal selectors 
unc-3 and unc-30 and also for its dependency on HOX genes. If its expression were 
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independent of these two factors then this element could be used to identify a new 
transcription factor that controls pan-neuronal gene expression in VNC MNs. This can be 
done using two complementary approaches: a) scanning mutagenesis analysis to identify 
the binding motif of the transcription factor (that might give good hints for a candidate 
gene approach), or b) a forward genetic screen. 
 Once new transcription factors have been identified, they can be tested for 
whether they can regulate other pan-neuronal genes. Also combinations of mutants can 
be made to see if there is any effect in the pan-neuronal gene fosmid reporter. Knowing 
the entire repertoire of transcription factors that regulate pan-neuronal genes will bring us 
one step closer to fully understand what makes a neuron.
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APPENDIX A 
Analysis of high complexity fosmid-based transgenes in C. elegans 
In C. elegans transgenesis, after micro-injection, reporter transgenes form in a 
random manner arrays of high copy number and of repetitive nature. In this study we 
investigate if there is any correlation between the injection concentration and array copy 
number. Even though we did not arrive to a strong correlation we decided to share the 
data with the C. elegans community, sending them for publication in the Worm Breeder’s 
Gazette (http://www.wormbook.org/wbg/), an open access “magazine” of the C. elegans 
community. This article appears in Worm Breeder’s Gazette Volume 18, issue #4. 
I performed the analysis of the aCGH data together with LC and GM and wrote 
the manuscript together with LC. SF and JT performed the aCGH analysis.
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Luisa Cochella1, Stephane Flibotte2, Jon Taylor3, Nikolaos Stefanakis1, Gregory 
Minevich1, Donald Moerman2,3 and Oliver Hobert1 
1 Department of Biochemistry and Molecular Biophysics, Howard Hughes Medical Institute, Columbia 
University, NewYork NY, 
2 Department of Zoology, University of British Columbia, Vancouver BC, Canada, 3 Michael Smith 
Laboratories, 
University of British Columbia, Vancouver BC, Canada 
Correspondence to: Oliver Hobert (or38@columbia.edu) 
 
The copy number and the repetitive nature of transgenes are important factors that 
need to be considered when trying to recapitulate the expression of a given gene as close 
to its endogenous counterpart as possible. It has long been known that low complexity 
transgenic arrays, or arrays with very high copy number can be silenced, especially in the 
germline (Kelly, Xu et al. 1997). In an attempt to generate fluorescent reporters that 
faithfully reflect the expression pattern of the gene of interest, we and others have 
previously reported the use of fosmid-based transgenes (Tursun, Cochella et al. 2009). 
Here, we analyze the composition of high complexity arrays, some of which show robust 
germline expression, providing guidelines that should prove useful to other C. elegans 
researchers. 
 
We created transgenic arrays by injection of the specified DNA (fosmid, plasmid 
or PCR product of the locus of interest) at the indicated concentrations (Table 1). In all 
arrays, except ntIs1 and otIs314, all component DNAs were linear. The integrated strains 
were generated by γ-irradiation and they were outcrossed at least twice. The strains 
carrying the extrachromosomal fosmid arrays were co-injected with the pBX plasmid 
containing the wild type copy of the pha-1 gene in a pha-1 (e2123) mutant background 
strain (Granato, Schnabel et al. 1994). Genomic DNA was prepared from the transgene 
containing strains and analyzed by array Comparative Genomic Hybridization (aCGH) 
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(Maydan, Flibotte et al. 2007). The arrays used contain 50-mer probes tiling the 100-Mb 
genome of C. elegans. A segmentation algorithm was able to identify all transgene 
components. The log2 of the ratio between fluorescent intensities (array containing 
strain/wild type) was averaged over the area of the genome that was detected as being 
amplified and is shown as the “Mean log2 ratio”. From this we estimated the number of 
copies of each component of the transgene, shown as number of copies per chromosome 
for the integrated transgenes, or number of copies per array for the extrachromosomal 
arrays (Table 1).  
 
Strains containing the ntIs1 transgene have been previously whole genome 
sequenced in our lab (Sarin, Bertrand et al. 2010). We used these data to calculate the 
copy number of the components of ntIs1 transgene by dividing the average sequencing 
depth of the transgene region with the average sequencing depth across all non-gap 
regions, and found 51 copies for gcy-5prom::gfp (vs. 31 by CGH) and 13 copies for lin-15 
(vs. 11 by CGH). Comparison of these numbers with those from the aCGH analysis 
supports the fact that in general estimation of copy number by aCGH is more accurate for 
log2 ratios lower than +4 and there is probably an under-estimation of copy number for 
log2 ratios higher than +4 since they fall in the non-linear range, near saturation in that 
case. 
 
For the extrachromosomal arrays of the fosmid reporters, an injection 
concentration of 15-50 ng/µl resulted in an average of 8 fosmid copies per array. While 
the data show that there is not a perfect correlation between injection concentration and 
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copy number one could try to reduce the injection concentration if lower copy numbers 
were desired. In our experience, even transgenes that are integrated at 11 copies per 
chromosome (22 in a homozygote animal) are still able to provide germline expression, 
as seen for otIs284 (Tursun, Patel et al. 2011).  
 
Table 1. Composition and aCGH analysis for 9 integrated and 6 extrachromosomal 
transgenic arrays.  
 
 






Integrated arrays    
otIs252 WRM0628bA07 fos 
pRF4 (rol-6 d) plas 










otIs274 WRM064bB08 fos 
pRF4 (rol-6 d) plas 
che-1prom::mCherry PCR 













otIs313 WRM0623cE02 fos 
pRF4 (rol-6 d) plas 









otIs321 WRM0613dC12 fos 
elt-2prom::dsRed plas 










otIs284 hsp::che-1 plas 
pRF4 (rol-6 d) plas 









otIs244 hsp::che-1 plas 
pRF4 (rol-6 d) plas 









otIs264 ceh-36prom::TagRFP plas 



















Extrachromosomal fosmid arrays    
otEx4548 WRM0629cH08 fos 
pha-1+ plas 
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APPENDIX B 
Robust expression of transgenes in the C. elegans germline through a 
simple microinjection protocol 
The repetitive nature of transgenic arrays often results in transgene silencing, 
especially in the C. elegans germline. In this Worm Breeder’s Gazette 
(http://www.wormbook.org/wbg/)  article we report that the addition of sonicated or 
digested bacterial (OP50) genomic DNA in the injection mix produces transgenic 
reporters with stable germline expression. This article appears in Worm Breeder’s 
Gazette Volume 19, issue #3. 
In this work I mainly wrote the manuscript, and did the analysis of tbb-1 fosmid 
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The ease of generating transgenic animals is one of the key experimental advantages of 
C. elegans as a model organism. Typically, microinjection of DNA encoding the desired 
transgene results in heritable extra-chromosomal arrays that provide robust expression in 
the somatic tissues of C. elegans. Achieving expression in the germline with such arrays 
is however, less successful due to silencing of repetitive sequences in this tissue. In order 
to “dilute” the repetitiveness of the array to achieve germline expression, addition of N2 
genomic or foreign DNA in the array has been shown to be effective (Kelly, W. G. et al. 
Worm Breeder's Gazette 14(1): 64 (October 1, 1995)); (Kelly, Xu et al. 1997) Lam et al.  
2006, Current Biol.). Another way to achieve germline expression is the production of 
low copy-number arrays using methods such as the generation of single-copy arrays by 
microparticle bombardment or transposon-mediated chromosomal integration approaches 
(Wilm, Demel et al. 1999, Praitis, Casey et al. 2001, Frokjaer-Jensen, Davis et al. 
2008).However, in contrast to microinjection protocols, these approaches often produce 
low expression levels of reporters such as fluorescent proteins and they also require the 
use of specific genetic backgrounds. 
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In our lab we have been able to obtain stable germline expression from several 
extrachromosomal and integrated transgenes reporters using a microinjection-based 
protocol, in which we include either sonicated or PvuII digested E. coli genomic DNA as 
carrier DNA in the injection mix. 
 
We obtain E. coli genomic DNA using standard methods or commonly used genomic 
DNA kits. We sonicate the DNA to obtain a smear of DNA sizes centered at around 1kb. 
Fragmentation of E. coli genomic DNA can be also performed by complete PvuII 
digestion. Both ways give stable lines with germline expression in our hands. We then 
pass the fragmented genomic DNA through DNA purification columns. The final 
concentration of bacterial DNA in the injection mix is from 100-150 ng/ul and reporters 
and co-injection markers are linearized and injected at the concentrations shown in Table 
1. We have successfully obtained germline expression of small reporters (plasmid or 
PCR-based) as well as fosmid reporters. We also found no effect on germline expression 
using methylated competent or deficient E. coli strains as genomic DNA source.  
 
In Table 1, we show transgenes injected using our protocol that gave stable germline 
expression, some of which had previously been characterized with respect to copy 
number using CGH (Cochella L. et. al Worm Breeder’s Gazzette 18(4) (August 2011)). 
In this table there are transgenes that have low copy number, like tbb-1 (otEx4548) (mean 
copy number 5/array), and high copy number, like hs::che-1 (otIs284) (mean copy 
number 11/chromosome). This suggests that for the protocol that we follow, copy 
numbers within the range that we have obtained can support germline expression. 
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Although the addition of bacterial DNA to arrays is not novel, as far as we have followed 
these strains, we do not observe silencing of reporters after several generations as noted 
before (Kelly, W. G. et al. Worm Breeder's Gazette 14(1): 64 (October 1, 1995)). In 
addition, using bacterial DNA instead of N2 genomic has also the advantage of not 
introducing wild-type worm genes into mutant backgrounds. 
 
We cannot exclude that expression of some genes may be more sensitive to copy number 
and/or genomic context and therefore may still require low/single-copy insertions to 
produce expression in the germline. However, we believe that this is a robust and simple 
enough approach to be considered as the first thing to try when germline expression is 
expected/required. Therefore, we hope that our method will help C.elegans researchers to 
obtain germline expression of transgenes using microinjection techniques. 
 
 




Gene name Type of construct Injection Mix Number of lines*  
die-1::Venus Fosmid 
15 ng/ul fosmid 
2 ng/ul rol-6 




10 ng/ul fosmid 
2 ng/ul rol-6 




15 ng/ul fosmid 
4 ng/ul rol-6 
150 ng/ul E. coli DNA 
1/2 
rbbp-5::gfp Fosmid 
15 ng/ul fosmid 
6 ng/ul ttx-3::mCherry 
150 ng/ul E. coli DNA 
1/1 
tbb-1::gfp Fosmid 15 ng/ul fosmid 3/3 
	  
	   168	  
2.5 ng/ul pha-1 
123 ng/ul E. coli DNA 
hsp::che-1  
(Tursun, Patel 
et al. 2011) 
Plasmid 
0.5 ng/ul PCR 
2 ng/ul rol-6 
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